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Abstract 
The mycorrhizal mutualism is one of the earliest and most influential of all 
terrestrial symbioses. As the primary method used by most plants to acquire nutrients 
from the soil, mycorrhizal fungi help to shape the structure and composition of many 
ecosystems. Ectomycorrhizal (EM) fungi play an especially significant role because most 
EM fungi prefer a limited number of host taxa, and EM plant species likewise associate 
with a select assemblage of the available EM fungi. This host preference issue, combined 
with the high diversity of EM fungi in forest ecosystems, complicates interspecies 
competition both among fungi and among plants, because these plant and fungal 
communities interact. 
Despite recent attempts at documenting mycorrhizal fungi in the context of 
ecological succession, many questions remain about the underlying causal relationships 
among EM fungi, soil conditions, and plant community assembly. The succession of 
mycorrhizal fungi often mirrors the succession of plants, and ectomycorrhizal (EM) 
community composition may affect the outcome of competition among trees during 
succession. In a pine-oak seral system, I tested the ability of Pinus taeda and Quercus alba 
seedlings to associate with EM fungi when planted under both conspecific and 
heterospecific adults. I found that EM communities under pine and oak canopy were 
distinct regardless of seedling identity, indicating that the fungal associations of adult 
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trees determine which EM species are available in the soil. In addition, pine seedlings 
planted under oak canopy showed decreased mycorrhization and growth compared to 
those planted under pine canopy, while oak seedlings showed no negative effects of 
heterospecific planting. This impaired ability of pine seedlings to associate with the EM 
community established under oaks may deter pine recruitment and facilitate the late-
seral replacement of pines with oaks. 
While EM fungal communities correlate with the dominant species of host tree, 
soil properties do as well, making it difficult to establish causality among these three 
variables. Soil was collected from oak- and pine-dominated stands and dried to kill off 
mature mycelium, leaving only the spore bank as a source of inoculum for pine and oak 
seedlings. EM root tips were collected for molecular identification of fungal species 
based on ITS barcoding, and soil samples from field and laboratory conditions were 
analyzed for fungal diversity using 454 sequencing. I found a reduced influence of 
canopy type and a more pronounced influence of seedling identity when compared to 
the EM communities on seedlings planted in the field, suggesting that adult trees do 
alter the availability of fungi by directly promoting the growth of their preferred EM 
associates. 
The availability of EM fungi can also affect seedlings at the interface between 
EM- an AM-dominated forest. Dicymbe corymbosa is a neotropical, EM-associated tree 
that forms monodominant stands nested within a diverse matrix of AM-associated taxa. 
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I tested the hypothesis that seedlings of D. corymbosa which recruit outside of 
monodominant stands have limited access to EM symbionts compared with those which 
recruit inside D. corymbosa stands. EM root tips and rhizosphere soil were collected from 
seedlings along two transects inside monodominant stands and three transects across 
the transition zone into mixed forest. Seedlings inside monodominant stands yielded 
both a greater quantity of mycorrhized root tips and a higher diversity of EM species 
than transition zone seedlings. Of the fungal families commonly found on adult roots, 
the Boletaceae were notably underrepresented on all seedlings. In the transition zones, 
high-throughput sequencing of soil also detected a decrease in EM diversity with 
distance from the parent tree. 
Seedlings of D. corymbosa may benefit from recruiting within monodominant 
stands by tapping into common mycorrhizal networks (CMNs) to acquire low-cost 
nitrogen and, potentially, photosynthates produced by conspecific adults. Leaves of 
stand adults, stand seedlings, and mixed-forest seedlings were collected for stable 
isotope analysis to track the transfer of nitrogen and carbon through CMNs. The δ13C 
and δ15N results contradicted each other, suggesting that more complicated interactions 
may be playing out among adults, seedlings, and fungi. 
  
vii
Contents 
Abstract ......................................................................................................................................... iv 
List of Tables ................................................................................................................................. ix 
List of Figures ................................................................................................................................ x 
Acknowledgements .................................................................................................................... xii 
1. White oaks suppress seedling recruitment of loblolly pines via belowground 
ectomycorrhizal networks ........................................................................................................... 1 
1.1 Introduction ....................................................................................................................... 1 
1.2 Methods ............................................................................................................................. 4 
1.2.1 Study site ...................................................................................................................... 4 
1.2.2 Experimental design and sampling .......................................................................... 5 
1.2.3 Data analysis ................................................................................................................ 6 
1.3 Results ................................................................................................................................ 8 
1.4 Discussion ........................................................................................................................ 10 
2. Seedling identity drives ectomycorrhizal community assembly in the absence of 
canopy tree influence .................................................................................................................. 26 
2.1 Introduction ..................................................................................................................... 26 
2.2 Methods ........................................................................................................................... 29 
2.3 Results .............................................................................................................................. 31 
2.4 Discussion ........................................................................................................................ 32 
3. Ectomycorrhizal diversity of oak forests in the Sierra Madre Oriental, Mexico ............ 42 
3.1 Introduction ..................................................................................................................... 42 
  
viii
3.2 Methods ........................................................................................................................... 44 
3.2.1 Study sites ................................................................................................................... 44 
3.2.2 EM root sampling and molecular identification ................................................... 44 
3.2.3 Analysis and comparison against other regions ................................................... 45 
3.3 Results .............................................................................................................................. 48 
3.4 Discussion ........................................................................................................................ 50 
4. Proximity to mature trees enhances availability of ectomycorrhizal fungi for seedlings 
of Dicymbe corymbosa (Caesalpiniaceae) in Guyana ............................................................... 58 
4.1 Introduction ..................................................................................................................... 58 
4.2 Methods ........................................................................................................................... 60 
4.2.1 Study Site and Experimental Design ...................................................................... 60 
4.2.2 Data Analysis ............................................................................................................. 62 
4.3 Results .............................................................................................................................. 63 
4.4 Discussion ........................................................................................................................ 64 
5. Do seedlings steal carbon and nitrogen from ectomycorrhizal fungi in monodominant 
stands of Dicymbe corymbosa? .................................................................................................... 73 
5.1 Introduction ..................................................................................................................... 73 
5.2 Methods ........................................................................................................................... 75 
5.3 Results .............................................................................................................................. 76 
5.4 Discussion ........................................................................................................................ 76 
References .................................................................................................................................... 79 
Biography ..................................................................................................................................... 89 
 
  
ix
List of Tables 
Table 1. EM fungi with preferences for pine or oak. Species with a Fisher's exact test p-
value of <0.1 for either canopy type or seedling identity are included. The frequency 
with which each species was found under oak canopy and pine canopy as well as on oak 
seedlings and pine seedlings is listed along with the p-values for both tests. ................... 16 
Table 2. Results of soil analyses for ten plots. ......................................................................... 18 
Table 3. Nine sampling sites across northeast Mexico. Exact host species information is 
not known for some sites. .......................................................................................................... 54 
Table 4. Ectomycorrhizal taxa ranked by abundance. ........................................................... 55 
Table 5. Stable isotope results for carbon and nitrogen contradict one and other. Letters 
indicate statistical significance. ................................................................................................. 78 
 
 
  
x
List of Figures 
Figure 1. Old-field succession of mycorrhizal fungi (modified from Odum 1971). .......... 19 
Figure 2. Examples of EM root tip morphotypes and comparison of root morphologies. 
Pine roots (A) are thicker and less profusely branched than oak roots (B), and tend to 
have larger EM root tips. Typical pine mycorrhizae include Cenococcum (left), 
Russulaceae (center), and Pezizales (right). Exceptionally large oak mycorrhizae are 
shown here, including (left), Boletales (center), and Thelephoraceae (right). .................... 20 
Figure 3. Abundances of 60 OTUs across four treatment types. .......................................... 21 
Figure 4. NMS ordination of plots in EM species space, showing Axis 1 (11%) vs Axis 2 
(21%). Labels are plot IDs followed by seedling species ("pine" or "oak"). Circles 
represent oak-canopy plots, which form a single, robust cluster. Pine-canopy plots are 
marked with triangles and shaded according to cluster analysis groups. Vectors indicate 
post-hoc correlations of soil variables: 1) organic horizon C:N, 2) mineral horizon C:N, 3) 
organic horizon N, 4) mineral horizon clay, 5) organic horizon pH, 6) mineral horizon 
pH. ................................................................................................................................................. 22 
Figure 5. NMS ordination of plots in EM species space, showing Axis 2 vs Axis 3 (23%).
 ....................................................................................................................................................... 23 
Figure 6. Cluster analysis dendrogram of EM community composition across plots. Oak-
canopy and pine-canopy plots cluster separately, and oak plots have a more consistent 
composition than do pine plots................................................................................................. 24 
Figure 7 (a) New shoot growth plotted against root mycorrhization of pine seedlings. 
Circles represent seedlings planted under oak canopy, and triangles represent seedlings 
planted under pine canopy. (b) Visual comparison of pine seedlings planted under pine 
canopy (left) and under oak canopy (right) at the same site. ............................................... 25 
Figure 8. Ranked abundances of EM fungal species found on root tips. ............................ 37 
Figure 9. Cluster analysis dendrogram of community composition of soil fungi across 
field plots. Oak-canopy and pine-canopy plots cluster separately. ..................................... 38 
Figure 10. Cluster analysis dendrogram of fungal communities in growth chamber soils. 
Seedling identity determines cluster group with only one exception (11O pine). ............ 39 
  
xi
Figure 11. Two-dimensional NMS ordination of field soils in species space. Labels are 
plot IDs, with "O" for oak canopy and "P" for pine canopy. Vectors indicate post-hoc 
correlations of soil variables: organic horizon C:N, mineral horizon C:N, organic horizon 
N, mineral horizon clay, organic horizon pH, mineral horizon pH. ................................... 40 
Figure 12. Two-dimensional NMS ordination of growth chamber soils in species space. 
Labels are plot IDs followed by seedling species ("pine" or "oak"). Without the influence 
of canopy trees on soil fungi, only one soil property correlates with fungal community 
composition. ................................................................................................................................. 41 
Figure 13. NMS ordinations for EM fungal abundances at sites in northeast Mexico with 
abundances tallied at two phylogenetic levels: species and genus. At the species level, 
the high-elevation Estanzuela site did not share enough in common with other sites to 
be included in the analysis, so this site appears only in the genus-level ordination. The 
sites in the genus-level ordination are also presented at a cluster level of two groups, 
with one group depicted in green and the other in red. Vectors show correlations of 
environmental variables. ............................................................................................................ 56 
Figure 14. NMS ordination for three regions with vectors showing correlations of 
environmental variables. Sites are grouped at a cluster level of 3 in the Axes 1 versus 3 
graph (left) and at a cluster level of 4 in the Axes 2 versus 3 graph (right). ....................... 57 
Figure 15. EM species richness per seedling as a function of distance from the parent 
tree. Three transition zone transects ("mix") and two monodominant stand transects 
("mono") were sampled using direct sequencing of EM root tips (left) and 454 
sequencing of soil fungi (right). Near, medium, and far samples were taken from 
seedling rhizospheres; the 20m samples represent non-rhizosphere soil beyond the 
farthest seedling. Average EM species per seedling. ............................................................. 70 
Figure 16. Two-dimensional NMS ordination of fungal communities in the soil. Mixed 
forest transects (ST1, ST2, ST3) and monodominant stand transects (ST4, ST5) appear 
somewhat separate. No effect of distance (Near, Medium, Far) on community 
composition is evident. .............................................................................................................. 71 
Figure 17. EM species richness in soil, broken down by transect and family. ................... 72 
 
 
  
xii
Acknowledgements 
Research projects on oak-associated fungi were generously supported by an FK 
Weyerhaeuser Fellowship from the Forest History Society, as well as National Science 
Foundation award DBI-0098534 and Grants-in-Aid from Duke University, Department 
of Biology. These studies were made possible by the Duke sequencing lab, and the Duke 
Forest office, and the NCSU Cooperative Tree Improvement Program. Thanks to 
Gonzalo Guevara and Efren Cazares for organizing field work in Mexico. Thanks also to 
Greg Bonito, Dan Richter, Paul Heine, Justin Wright, Paul Manos, and Jason Jackson for 
valuable discussions, laboratory guidance, and manuscript feedback. 
Financial support for research in Guyana came from NSF biodiversity inventory 
award #0816695. Thanks to Peter Joseph and Christopher Andrew for their invaluable 
assistance in the field, and to Will Cook and Jon Karr for assistance with stable isotope 
analysis. Special thanks to collaborators Terry Henkel and Matt Smith for funding, 
logistics, guidance in and out of the laboratory, and for the wealth of prior knowledge 
about this unique study system.  
 I would also like to thank everyone who contributed to my professional 
development as an educator, especially Erin Lindquist, Julie Reynolds, and Eric Larsen. 
 
  
1 
1. White oaks suppress seedling recruitment of loblolly 
pines via belowground ectomycorrhizal networks 
1.1 Introduction 
Ecological succession is the product of numerous interwoven processes that 
generate complex responses in one another. Because of this complexity, it has often 
proved difficult to identify causal relationships among the biotic and abiotic factors 
involved. A wide variety of mechanisms have been implicated in the regulation of 
succession, including environmental variables (Oosting 1948), stochastic processes 
(Horn 1975), disturbance regimes (Pickett 1976), resource availability (Tilman 1985), and 
interspecies competition (Huston and Smith 1987). 
More recently, the relationship between aboveground and belowground 
communities has been emphasized (Bardgett et al. 2005). Several interactions of this type 
have been proposed as drivers of succession, including mycorrhizal fungi affecting plant 
diversity (van der Heijden et al. 1998), host plants as drivers of fungal diversity 
(Jumpponen et al. 2002), plant traits controlling litter and soil properties (Cornelissen et 
al. 1999), soil heterogeneity facilitating fungal diversity (Reynolds et al. 2003), and so on. 
The issue of which biotic and abiotic factors catalyze seral change and which merely 
respond to it remains unresolved. 
The succession of mycorrhizal fungi reflects the succession of their mycorrhizal 
host plants (Allen 1991, Helm 1996), and many of the classic systems used to study 
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succession in plants have more recently been utilized for examining belowground 
fungal succession (i.e. Cazares et al. 2005, Horton et al. 2005, Ishida et al. 2008, 
Piotrowski et al. 2008). In the Piedmont region of North Carolina, mycorrhizal 
succession (Fig. 1) can be divided into three stages: primary succession of arbuscular 
mycorrhizal (AM) fungi associating with grasses and herbaceous plants, replacement of 
AM with mid-seral ectomycorrhizal (EM) species associating with pine forest, and shifts 
in the EM species assembly to reach a late-seral community composition associating 
with oak-hickory forest. Species richness of EM fungi increases along with the diversity 
of host plants during late succession (Jumpponen et al. 2002), and some mid-seral EM 
species may be replaced by late-seral species (Deacon and Fleming 1992). 
EM fungi are generally considered to have low host-specificity (Molina et al. 
1992, Horton and Bruns 2001), such that community compositions of plants and fungi 
should have little effect on one another. However, there is also evidence that some 
degree of host preference is widely prevalent in EM-dominated ecosystems (Smith et al. 
2009), such as temperate forests. A fungal species exhibiting host preference may 
proliferate when associated with a given host species, and may be present at lower 
abundances or absent when preferred hosts are not available. In addition to affecting 
fungal communities, host preference plays an important role in plant community 
assembly (Tedersoo et al. 2008, Smith et al. 2009). Some EM fungi previously considered 
to be host-generalists may actually confer unequal benefits to different tree species, 
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promoting the growth of one species over another, even when those fungi freely 
associate with both hosts (Pande et al. 2007). 
In the Piedmont region of North Carolina, old-field succession begins with native 
grasses and herbaceous plants dominating for the first 3 years; then pines overtop the 
grasses by 5 years and form closed stands in 10-15 years; lastly, oaks and hickories begin 
replacing the pines by 70-80 years and attain dominance in 150-200 years (Oosting 1942). 
Both oak and pine are ectomycorrhizal hosts, and a number of preferential associations 
have been observed from fruit bodies, such as the association of the Suillus-Rhizopogon 
lineage with Pinaceae (Smith and Thiers 1964, Molina et al. 1992). 
When tree seedlings are first establishing, they may preferentially associate with 
older fungal individuals in order to take advantage of common mycorrhizal networks 
(CMNs) (Simard and Durall 2004). These mature fungi come "prepaid" by an adult host, 
of either the same or a different tree species, and may be able to provide low-cost 
nutrients to the seedlings. In some systems, CMNs are critical for seedling survival 
because they compensate for the competitive effects of adult conspecifics (Booth and 
Hoeksema 2010). However, CMNs can also have a variety of effects on seedlings 
depending on which species of hosts and fungi are involved (Nara 2006). 
The objective of this study was to determine the effects of EM community 
composition on recruitment of conspecific and heterospecific seedlings in a pine-oak 
seral system. The dominant canopy species in each seral stage should select for its 
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preferred set of fungal associates, which in turn limits the composition of EM fungi 
readily available for seedling associations. I hypothesized that EM fungal communities 
under oak canopy would be more diverse as well as compositionally distinct from EM 
fungal communities under pine canopy. Given the general pattern of oaks succeeding 
pines, I predicted that oak seedlings would readily associate with the fungi available 
under pine canopy, while pine seedlings would have difficulty associating with the 
fungi available under oak canopy. 
1.2 Methods 
1.2.1 Study site 
The Duke Forest, located in Durham, North Carolina, was established in 1931 as 
an outdoor laboratory for foresters and ecologists. The original five thousand acres were 
a mosaic of local land-use history, including cultivated fields, recent fallow fields, and 
fields abandoned anywhere from a decade to a century prior, as well as riparian zones, 
bottomlands, and rocky ridges that had never been cleared (Oosting 1942). Ten paired 
plots were established across different sites within the Duke Forest, with each pair 
consisting of one plot in a stand dominated by white oak (Quercus alba), and the other 
plot in a stand dominated by loblolly pine (Pinus taeda) immediately adjacent to the oak 
stand. Eight of these plots were in the Durham Division and two were in the Korstian 
Division. While most sites have retained the same cover type as when they were first 
acquired, two of the plots now dominated by white oak had a mixed loblolly-oak cover 
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type in 1931. All plots were on deep to very deep and moderately well drained to well 
drained soils, predominantly Carolina Slate derived silt loams with one plot on igneous 
intrusive derived sandy loam. 
1.2.2 Experimental design and sampling 
I conducted a reciprocal transplant experiment using loblolly pine and white oak 
seedlings, both of local wild-type genetic stock. Seeds were germinated in trays of 
autoclaved perlite in the laboratory and grown for approximately three months prior to 
transplanting. For comparison, seedlings of both species were also planted under 
conspecific adults, for a total of ten pine and ten oak seedlings in each plot. This made 
for a total of four treatment types: oak seedlings under oak canopy, oak seedlings under 
pine canopy, pine seedlings under oak canopy, and pine seedlings under pine canopy. 
Seedlings were planted in Fall 2010 and harvested in Spring 2011. EM root tips were 
harvested from all seedlings, including multiple representatives of all visible 
morphotypes. In total, 81 oak seedlings and 89 pine seedlings yielded sequences of EM 
fungi from their roots. For pine seedlings from four of the ten plots, I also counted the 
number of mycorrhizal root clusters per centimeter of root (mycorrhization) and 
measured new shoot growth at the time of harvest. These measurements were not 
attempted with oak seedlings because the highly branched fine roots and small 
mycorrhizal tips rendered a quantitative comparison impractical (Fig. 2). Samples of O-
  
6 
horizon and A-horizon soils were collected from all ten plots and analyzed for moisture, 
pH, carbon and nitrogen content, and texture. 
Fungi were identified by extracting DNA from EM root tips and sequencing the 
internal transcribed spacer (ITS) region of nuclear ribosomal DNA, the universal DNA 
barcode for fungi (Schoch et al. 2012). DNA was extracted following the Extract-N-Amp 
protocol (Sigma-Aldrich, Inc.) with a single root tip in 20μl extraction solution. The ITS 
region was amplified by polymerase chain reaction using the fungal-specific forward 
primer ITS1-F (Gardes and Bruns 1993) and either the reverse primer ITS4 (White et al. 
1990) or the reverse primer ITS2 (White et al. 1990). Capillary sequencing of ITS 
fragments was conducted using Big Dye v3.1 and visualized on a 3730xl DNA Analyzer 
(Applied Biosystems, Foster City, CA). Sequences were submitted to Genbank under 
accession numbers KF476744 - KF477091. 
1.2.3 Data analysis 
Sequences were manually edited and assembled at 100% similarity in 
Sequencher 4.5 (Gene Codes, Ann Arbor, MI) to check for duplicate haplotypes. If a 
haplotype was sequenced multiple times from the same seedling, these root tips were 
considered pseudoreplicates and the sequence was recorded only once in the database; 
for the purpose of data analysis, each seedling was treated as one sampling replicate. Of 
approximately 1000 root tips picked, around 600 usable EM sequences were recovered; 
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361 were retained in the final dataset after pseudoreplicates were removed. Sequences 
were initially assembled at 97% similarity to assign them to operational taxonomic units 
(OTUs), approximating species-level delineations. If a genus did not segregate into 
robust OTUs at 97%, other similarity cutoffs were explored. Sequences were then 
compared against GenBank accessions using the BLASTn algorithm to assign genus- 
and, when possible, species-level identifications to each OTU. 
Soil samples were acquired from within each plot using a 2-cm diameter soil 
probe. Four cores were taken per plot to a depth of 8-10 cm, the O- and A-horizons 
separated, and the cores bulked by plot. Subsamples were weighed and oven-dried 
overnight for measuring water content, while the rest was air-dried for a minimum of 
one week and then passed through a 2-mm sieve to remove rocks and debris. Soil 
texture was determined following the pipette method (Gee and Or 2002). For pH 
measurements, 1.0 g organic or 2.5 g mineral soil was combined with 10 ml or 5 ml 
deionized water, respectively, and after 15 min a pH probe was inserted. To determine C 
and N content, subsamples were pulverized in a shatterbox then weighed out into tin 
capsules containing 9-10 mg organic or 30-40 mg mineral soil for analysis on a Flash EA 
1112 Elemental Analyzer (Thermo Scientific, Waltham, MA). 
Relative abundances of EM species on different hosts were used as a proxy for 
host preference. For oak and pine seedlings under each of the two canopy treatments, I 
estimated fungal diversity per treatment using EstimateS 8.2.0 (Colwell 2009) and 
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examined the relative similarity of EM communities using nonmetric multidimensional 
scaling (NMS) and cluster analysis in PC-Ord version 5 (McCune and Mefford 1999). 
Nonmetric multidimensional scaling (NMS) is an ordination method well-suited 
for handling species data because it does not rely on known absences and thus is 
relatively robust to missing data (McCune and Grace 2002). Species abundances were 
relativized by species and a three-dimensional solution was chosen based on the stress 
results of a stepdown procedure. The cluster analysis was computed using the flexible 
beta joining algorithm (Lance and Williams 1966) at a beta value of -0.25. This method 
works well for ecological data and yields results similar to Ward's method, which is 
itself incompatible with Sorensen's distances (McCune and Grace 2002). 
1.3 Results 
Of the 361 EM sequences, 323 could be assigned to one of 60 OTUs, and the 
remaining 38 were singletons. Thirteen of these OTUs only appeared on a single 
seedling species within a single plot, and thus were uninformative for community 
analysis. The remaining 47 OTUs, however, appeared in multiple plots and/or on both 
seedling species. The three most abundant fungal species--Thelephoraceae sp. 1, 
Cencoccum geophilum, and Tuber separans--were found in all four treatments; most other 
EM species were found at low abundance in only 1-2 treatments (Fig. 3). Fisher's exact 
  
9 
tests are reported for the 29 species that earned a p-value <0.1 associated with either 
canopy type, seedling identity, or both (Table 1).  
Using a three-dimensional solution, NMS accounts for 55% of the variation in the 
community composition data. The ordination shows EM communities separating by 
canopy type regardless of seedling identity or geographic distance between sites (Figs. 4, 
5). Cluster analysis shows all oak-canopy treatments grouping together; pine-canopy 
treatments segregate into three groups, with oak and pine seedlings from the same plot 
clustering together (Fig. 6). While these results are only shown using a three-
dimensional ordination and a flexible beta joining algorithm, the grouping together of 
oak-canopy treatments is robust to ordination dimensionality and this cluster topology 
is preserved with other joining algorithms such as UPGMA. 
Soil properties varied among sites, with oak-canopy plots tending to have lower 
A-horizon pH, higher clay content, and C:N ratios higher in the A-horizon and lower in 
the O-horizon when compared to their paired pine plots (Table 2). Several edaphic 
conditions, including N, C:N ratio, and pH of both the mineral and organic horizons 
correlated loosely with EM community composition (Fig. 4). 
Both pine and oak seedlings were capable of associating with the fungal 
communities found under the opposite canopy type. However, pine seedlings grown 
under oak canopy showed significantly less mycorrhization than those grown under 
  
10 
pine canopy (P < 0.001). Mycorrhization correlated with growth (R2=0.41, Fig. 7a), which 
was also significantly less for pines planted under oak (P < 0.001). 
 Due to differences in root morphology, it proved impractical to quantify 
mycorrhization for oak seedlings. Unlike pines, however, oak seedlings showed no 
obvious, visible pattern of decreased mycorrhization or growth correlated with 
heterospecific canopy type (pers. obs.). They also associated with more EM species 
under both canopy types: with 33 species under oak and 26 species under pine, 
compared to pine seedlings associating with 20 under oak and 22 under pine. The 
greater EM species richness of oak seedlings under oak canopy was statistically 
significant compared with pines under both oak and pine canopy (P=0.035 and P=0.028 
respectively). Using the Chao2 species richness estimator (Chao 1984), oak seedlings 
under oak canopy hosted the most speciose community (60.6 OTUs) across sites, while 
oaks and pines under pine had intermediate richness (51.3 and 48.2 respectively), and 
pine seedlings under oak were relatively depauperate (34). 
1.4 Discussion 
Most fungal species found in high abundance on the root tips appear to be 
generalists, since they occur under both canopy types and associate freely with seedlings 
of both hosts. Overall, EM fungal communities still segregate by canopy type regardless 
of which seedling species was sampled (Fig. 4), which supports the hypothesis that the 
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fungi available in the soils for seedlings to associate with are those species actively 
involved in the EM mutualism and receiving carbon from adult trees (i.e. CMNs). Thus, 
the preferences of the canopy trees are reflected in the abundances of fungal species 
found on seedling roots. Cluster analysis (Fig. 6) indicates EM communities under oak 
canopy are more consistent in their composition across sites, while EM communities 
from pine plots form three separate clusters. This result suggests that mid-seral EM 
communities may be substantially influenced by stochastic factors such as founder or 
priority effects. Late-seral EM communities may assemble in a more deterministic 
fashion, achieving particular structural similarities despite the variability of the mid-
seral communities they replace. 
Differences in soil properties may also contribute to the differences in fungal 
communities, though no single soil property had a strong enough correlation to suggest 
it might be a driving factor. Most of the properties that correlated with EM community 
composition (pH, N, and N:C) can be affected by the type of litter deposition 
(Cornelissen et al. 1999), so EM composition and soil properties may be correlated 
simply because they are both driven by the dominant canopy species. 
According to both observed and estimated species richnesses, oak seedlings 
planted under oak canopy recovered the highest diversity of EM fungi, indicating that 
oak-associated fungal communities are more speciose than mid-seral communities even 
when only one oak species is present. While late-seral plant communities in this region 
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tend to have a variety of oak and hickory species, sites for this study were chosen 
specifically to maximize the dominance of a single canopy species (Q. alba) so that host 
diversity would not be a confounding factor. My results contradict the hypothesis that 
increasing host diversity is the main driver of increasing fungal diversity during late 
succession (Jumpponen et al. 2002), because higher EM diversity can be seen on white 
oaks even in the absence of additional host species. 
One possible explanation is that loblolly pine associates with a narrower 
spectrum of EM species than does white oak. Pine seedlings planted under oak canopy 
yielded the lowest richness of EM species, as well as showing decreased mycorrhization 
of the roots compared to pine seedlings under pine. These data suggest that pine 
seedlings recruited under oak canopy may have difficulty finding their ideal 
mycorrhizal symbionts and/or derive less benefit from the symbionts available in the 
soil, and so form mycorrhizal root tips with less frequency. 
Because the North Carolina Piedmont experiences relatively mild winters and 
hot summers with periods of limited rainfall, pine seedlings accomplish most of their 
annual growth in late fall and early spring, after leaf fall and before leaf out (pers. obs.). 
Thus I expected pine seedlings under a deciduous canopy to grow better than those 
under a pine-dominated canopy, since the winter light intensity is greater. However, I 
observed the opposite pattern, indicating that light is not the main factor determining 
pine seedling growth. Rather, the depressed growth of pine seedlings under oak canopy 
  
13 
correlates with decreased mycorrhization, suggesting that nutrient limitation may 
impede seedling growth and establishment. 
Oak seedlings planted under pine yielded fungal richness similar to that found 
on their neighboring pine seedlings and showed no signs of difficulty finding suitable 
EM associates. This result contradicts the previous hypothesis that mid-seral plants use 
host-specific EM fungi to inhibit the establishment of late-seral seedlings (Kropp and 
Trappe 1982, Horton et al. 2005). The ability of oak seedlings to associate with a broad 
range of fungi may actually facilitate recruitment under pine canopy, enabling 
succession. At the same time, the fungal preferences of adult oaks may also impede the 
ability of pine seedlings to persist under oak canopy. 
The Fisher's exact tests (Table 1) detected not only fungal species with a 
preference for canopy type but also some fungal species with a preference for seedling 
identity. Species with a preference for pine canopy were split evenly between 
Basidiomycetes (including two species of Thelephoraceae and two of Russula) and 
Ascomycetes (including two species of Tuber and four Pezizalean fungi). But, with the 
exception of Cenococcum geophilum, species showing a preference for oak canopy 
belonged entirely to the Basidiomycetes (including two species of Russula and two of 
Sebacina). 
Only six fungal species showed a distinct preference for seedling host identity. 
Tylospora sp. 1 and Suillus variegatus were found on pine seedlings under both canopy 
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types, indicating they are pine-specific--not a surprising result given the well-known 
preference of Suillus for pines. Two oak-specific species, Russula sp. 7 and Cortinarius 
livido-ochraceaus, were both found only on oak seedlings under oak canopy. This pattern 
is predicted by the theory that mid-seral EM species will be adapted for dispersal--
allowing them to quickly establish on pine seedlings under oak canopy--while late-seral 
EM species show limited dispersal (Jumpponen et al. 2002, Ishida et al. 2008). Seedlings 
can acquire fungi from either seral group via association with mature fungal 
individuals, but only mid-seral fungi can infect seedlings via spore dispersal and 
germination of new fungal individuals. 
In contrast to the fungi above, Tuber sp. 4 was found exclusively on pine 
seedlings planted under oak. This species may represent a seedling-adapted life 
strategy, in which it takes advantage of the pine seedlings' difficulty in finding suitable 
mycorrhizal associates under oak canopy. Russula sp. 5 was likewise found exclusively 
on oak seedlings under pine canopy, so oak seedlings may also be more available to 
associate with newly-germinated fungi--as opposed to mature, canopy-fed CMNs--when 
planted heterospecifically. 
This study provides first evidence of a late-seral canopy tree species suppressing 
seedling recruitment of a mid-seral species by affecting the community composition of 
EM fungi available in the soil for seedlings to associate with. Late-seral fungal 
communities were found to be both more diverse and more compositionally consistent 
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than mid-seral fungal communities, suggesting that EM fungi can converge on a 
particular late-seral community via multiple successional trajectories. Further studies are 
required to determine what, if any, role soil properties play in the succession of EM 
fungi. 
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Table 1. EM fungi with preferences for pine or oak. Species with a Fisher's exact test p-value of <0.1 for either 
canopy type or seedling identity are included. The frequency with which each species was found under oak canopy and pine 
canopy as well as on oak seedlings and pine seedlings is listed along with the p-values for both tests.  
Taxon  Abundances P-value of Fisher's exact test 
 Oak 
canopy 
Pine 
canopy 
Oak 
seedlings 
Pine 
seedlings 
 
canopy type 
 
seedling sp. 
       
Amanita flavoconia 0 4 3 1 0.052 0.276 
Cenococcum geophilum 27 13 22 18 0.017 0.188 
Clavulina sp. 1 0 4 3 1 0.052 0.276 
Cortinarius 
lividoochraceus 
4 0 4 0 0.069 0.050 
Cortinarius sp. 3 5 0 4 1 0.035 0.156 
Lactarius sp. 1 4 0 2 2 0.069 0.653 
Lactarius sp. 2 1 3 0 4 0.284 0.073 
Pachyphloeus sp. 1 0 10 4 6 0.001 0.434 
Peziza sp. 1 1 11 7 5 0.002 0.319 
Peziza sp. 2 0 4 2 2 0.052 0.653 
Pezizaceae sp 5 0 7 3 4 0.005 0.552 
Piloderma sp. 1 9 0 3 6 0.002 0.297 
Rhizopogon fuscorubens 3 1 0 4 0.337 0.073 
Russula lutea 4 0 3 1 0.069 0.276 
Russula raoultii 5 0 1 4 0.035 0.215 
Russula sp. 5 0 4 4 0 0.052 0.050 
Russula sp. 7 9 0 9 0 0.002 0.001 
Russula sp. 8 4 0 3 1 0.069 0.276 
Russula sp. 9 0 6 1 5 0.011 0.129 
Sebacina sp. 1 7 1 2 6 0.040 0.172 
Sebacina sp. 2 9 1 3 7 0.012 0.206 
Suillus variegatus 1 4 0 5 0.163 0.037 
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Thelephoraceae sp. 11 3 1 0 4 0.337 0.073 
Thelephoraceae sp. 3 0 7 4 3 0.005 0.448 
Thelephoraceae sp. 6 0 7 4 3 0.005 0.448 
Tuber separans 3 12 7 8 0.009 0.577 
Tuber sp. 3 0 11 5 6 <0.001 0.565 
Tuber sp. 4 5 0 0 5 0.035 0.037 
Tylospora sp. 1 2 5 0 7 0.194 0.010 
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Table 2. Results of soil analyses for ten plots. 
Plot Canopy % water by weight pH  % N  C:N  % Sand % Clay 
  mineral organic mineral organic mineral organic mineral organic mineral mineral 
11O Oak 18.4 46.4 3.75 4.91 0.076 0.983 22.0 22.9 33.0 16.7 
11P Pine 21.2 44.4 4.22 4.31 0.136 0.655 17.4 28.7 34.9 12.9 
24O Oak 21.5 50.6 3.95 5.00 0.146 1.163 20.4 29.6 27.7 25.0 
24P Pine 25.4 52.6 5.32 5.58 0.200 0.959 14.4 27.7 32.6 18.9 
7O Oak 20.0 46.3 3.36 4.44 0.141 1.356 35.1 24.9 24.8 25.0 
7P Pine 18.8 38.0 4.30 5.10 0.097 0.684 20.5 28.9 30.8 7.3 
CfO Oak 17.4 44.3 3.60 4.99 0.085 0.940 26.9 28.6 42.0 17.4 
CfP Pine 18.3 37.8 4.57 4.67 0.141 0.793 18.2 29.8 50.8 6.5 
CnO Oak 17.6 41.3 3.44 5.49 0.103 1.177 27.7 23.6 24.7 24.6 
CnP Pine 19.4 54.8 3.96 3.96 0.190 0.888 22.7 33.2 52.4 7.5 
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Figure 1. Old-field succession of mycorrhizal fungi (modified from Odum 1971). 
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Figure 2. Examples of EM root tip morphotypes and comparison of root 
morphologies. Pine roots (A) are thicker and less profusely branched than oak roots (B), 
and tend to have larger EM root tips. Typical pine mycorrhizae include Pezizales (right), 
Russulaceae (center), and Cenococcum (left). Exceptionally large oak mycorrhizae are 
shown here, including Thelephoraceae (right), Boletales (center), and unknown (left). 
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Figure 3. Abundances of 60 OTUs across four treatment types. Singletons not shown. 
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Figure 4. NMS ordination of plots in EM species space, showing Axis 1 (11%) 
vs Axis 2 (21%). Labels are plot IDs followed by seedling species ("pine" or "oak"). 
Circles represent oak-canopy plots, which form a single, robust cluster. Pine-canopy 
plots are marked with triangles and shaded according to cluster analysis groups. Vectors 
indicate post-hoc correlations of soil variables: 1) organic horizon C:N, 2) mineral 
horizon C:N, 3) organic horizon N, 4) mineral horizon clay, 5) organic horizon pH, 6) 
mineral horizon pH. 
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Figure 5. NMS ordination of plots in EM species space, showing Axis 2 vs Axis 
3 (23%). 
  
24 
 
Figure 6. Cluster analysis dendrogram of EM community composition across plots. Oak-canopy and pine-canopy 
plots cluster separately, and oak plots have a more consistent composition than do pine plots. 
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Figure 7 (a) New shoot growth plotted against root mycorrhization of pine seedlings. Circles represent seedlings 
planted under oak canopy, and triangles represent seedlings planted under pine canopy. (b) Visual comparison of pine 
seedlings planted under pine canopy (left) and under oak canopy (right) at the same site. 
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2. Seedling identity drives ectomycorrhizal community 
assembly in the absence of canopy tree influence 
2.1 Introduction 
The classic model of old-field succession describes changes in plant community 
composition, but the soil microbiome undergoes a succession of its own. Where the 
above- and below-ground communities interact, there is the potential for plants and 
fungi to influence each other's successional trajectories. The mutualism between trees 
and mycorrhizal fungi is one of the clearest and most widespread examples of this 
reciprocal influence. Mycorrhizal succession has been documented in a number of study 
systems, such as glacial forefronts (Cazares et al. 2005), recent volcanic deposits (Ishida 
et al. 2008), riparian zones (Piotrowski et al. 2008), and sites recovering from clear-cut 
logging (Horton et al. 2005). Establishing causality, however, has proved difficult -- 
some studies point to mycorrhizal fungi as drivers of plant diversity (van der Heijden et 
al. 1998), while others suggest that host plants drive fungal diversity (Jumpponen et al. 
2002). 
Ectomycorrhizal (EM) fungi are a highly diverse group composed of many 
lineages independently converging on the same life strategy. One component of their 
functional diversity is their preference for associating with particular host taxa. While 
relatively few EM fungi are strict specialists, most express some degree of host 
preference (Smith et al. 2009), which means that EM community composition is 
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influenced by the availability of different hosts. Additionally, an EM fungal species can 
provide better services to one host taxon than to another, even when it freely associates 
with both hosts (Pande et al. 2007), such that the availability of different EM fungi can, 
in turn, affect plant community composition. 
To further complicate these interactions, edaphic properties have the potential to 
influence -- or be altered by -- community composition of both plants and fungi. 
Nutrient availability, in particular, plays a key role in the determination of EM fungal 
diversity and is one potential cause of the seral shift in EM community composition. EM 
species richness increases asymptotically with soil fertility, and peak species richness 
coincides with high heterogeneity, as well as amount, of available nitrogen (Kranabetter 
et al. 2009). Functional diversity of EM traits, such as exploration type, correlates with 
increased soil fertility as well as the heterogeneity of available microsites (Tedersoo et al. 
2008, Kranabetter et al. 2009). Soil chemistry appears to be the primary factor affecting 
the re-establishment of EM fungi in disturbed areas (Jones et al. 2003). 
It remains unclear whether plant community composition is responsible for 
controlling these properties or not. For instance, anthropogenically altered edaphic 
conditions have been implicated in the decline of oak forests (Orwig and Abrams 1994, 
Dey et al. 2008), but changes in soil properties may be an effect, rather than a cause, of 
increased pine dominance (García-Barrios and González-Espinosa 2004). Plant traits 
such as leaf structure can drive litter and soil properties, including rate of decay 
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(Cornelissen et al. 1999). Thus, there is the potential not only for direct interactions 
between fungal and plant communities, but also for indirect effects via the soil. 
The North Carolina Piedmont region provides an ideal system in which to study 
seral changes in EM community composition. The Duke Forest, in particular, inspired 
one of the first theoretical models of succession, wherein abandoned fields become 
colonized first with shrubs and forbs and then with pines, which are in turn replaced by 
oak-hickory forest (Oosting 1942). Previously, a reciprocal transplant of white oak 
(Quercus alba) and loblolly pine (Pinus taeda) seedlings was conducted in paired plots of 
oak-dominated and pine-dominated stands within Duke Forest. This study suggested 
that the fungal associations of adult trees determine which EM species are dominant in 
the soil and therefore drive the availability of EM fungi for seedlings to associate with 
(Chapter 1). Contrary to many studies, I did not recover a strong signal of edaphic 
conditions affecting EM community composition. However, the correlation between 
canopy type and edaphics makes it difficult to establish a direct causal link between 
canopy species and EM fungi on seedlings. 
Here, I investigate the degree to which adult trees influence the availability of 
EM fungi for seedlings by comparing bioassays in the field with bioassays conducted in 
the laboratory without the influence of adult trees. Based on the results from field plots, 
I hypothesize that EM communities on pine and oak seedlings will converge in the 
absence of adults, and that soil properties will have a negligible effect on most EM 
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species. I also predict that some EM species will show a distinct preference for pine or 
oak seedlings, and that this signal will be much more prominent without canopy 
influence. 
2.2 Methods 
Ten paired field plots were selected for a previous study, with each pair 
consisting of one plot dominated by white oak and the other dominated by loblolly pine. 
Soil was collected from these plots -- including the organic layer and top ~5cm of the A-
horizon, but excluding litter -- and stored in paper bags. These soils were allowed to air 
dry at room temperature for a minimum of 3 months. Thoroughly drying the soils kills 
off any mycelium and leaves only spores as fungal inoculum (Avis and Charvat 2005, 
Taylor and Bruns 1999). Acorns and pine seeds were surface sterilized, cold-stratified 
and germinated in sterilized perlite medium. 
Ten Cone-tainers (RLC-4 Pine Cell, 2.5×16 cm; Stuewe and Sons) per plot were 
filled with dried field soil, and seedlings were transplanted into each and immediately 
watered. The Cone-tainers were split evenly between bioassay treatments: two oak 
seedlings or two pine seedlings in each. A thin layer of sterilized sand was added on top 
to prevent cross-contamination when the plants were watered. Cone-tainers were kept 
in a growth chamber at 24 °C and 14 hours of simulated daylight, and were watered 
every other day. 
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The seedlings grew undisturbed for 6 months to allow time for EM fungal spores 
to germinate and infect roots, then were harvested for their mycorrhized root-tips. The 
roots were carefully separated from the soil and examined under a dissecting 
microscope, and 2-3 tips of each morphotype were sampled per seedling. Each root tip 
was placed in 20μl extraction solution and DNA was extracted following the Extract-N-
Amp (Sigma-Aldrich, Inc.) protocol. For use as a DNA barcode, the internal transcribed 
spacer region (ITS) of ribosomal DNA was amplified with the forward primer ITS-1F 
(Gardes and Bruns 1993) and the reverse primer ITS4 (White et al. 1990), and then 
capillary sequenced using Big Dye 3.1 on a 3730xl DNA Analyzer (Applied Biosystems, 
Foster City, CA). EM fungi from mycorrhized root tips were then identified by 
comparison against GenBank as well as against the operational taxonomic units (OTUs) 
delineated in the previous field study. Sequences will be made available via submission 
to GenBank. 
At the time of harvest, a small soil sample from each Cone-tainer was saved and 
frozen to preserve DNA. When harvesting was complete, the five soil samples per 
treatment were pooled and subsampled, and fresh soil samples were obtained from field 
plots for comparison. DNA was then extracted with a PowerSoil Extraction Kit (Mo Bio), 
and the large subunit (LSU) region of ribosomal DNA was amplified with tagged 
primers. These amplicons were pooled then sequenced on a Roche 454 GS FLX (454 Life 
Sciences). 
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The high-throughput LSU data were processed in QIIME version 1.8 (Caporaso 
et al. 2010) using the denoise_wrapper.py function (Reeder and Knight 2010) for 
denoising and the pick_otus.py function (Edgar 2010) for assigning species-level 
delineations. The resulting OTU table was imported into PC-Ord (McCune and Mefford 
1999) and abundances were relativized by species to reduce the influence of the most 
abundant species and mitigate any phylogenetic biases that may have arisen during 
amplification or sequencing. Hierarchical clustering was accomplished with the flexible-
beta joining algorithm (Lance and Williams 1966) set to a beta value of -0.25, which 
approximates Ward's Method (McCune and Grace 2002). For non-metric 
multidimensional scaling (NMS), a two-dimensional solution was selected using a step-
down procedure. Vectors were then overlayed for soil properties that correlate with 
community composition. 
2.3 Results 
Direct sequencing of EM root tips recovered 11 species on oak seedlings and 8 on 
pine seedlings, with individual seedlings most commonly hosting 2-4 species. Of these 
19 EM species, only 12 were found more than once during this study (Fig. 8). No 
differences in shoot growth or root mycorrhization were observed between soil 
treatments. 
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High-throughput soil sequencing detected a total of 1440 OTUs, of which only 
273 appeared in multiple treatments and/or multiple plots and thus could be 
informative for community analysis. I retained 95 OTUs from field soils and 192 OTUS 
from growth chamber soils. Fungal communities in field soils cluster according to 
canopy type (Fig. 9), which is consistent with previously collected root-tip data. In 
growth chamber soils, however, most fungal communities cluster according to the 
identity of the seedlings growing in the soil (Fig. 10). 
This grouping pattern among soil fungal communities can also be seen in the 
NMS ordinations (Figs. 11, 12). With two-dimensional solutions, NMS can account for 
68.3% of the variance in field soils and 60.6% of the variance in growth chamber soils. In 
the field, several soil properties -- including nitrogen and C:N ratio of both the mineral 
and organic horizons -- correlate with fungal community composition. But in the growth 
chamber, these same soil properties for the most part failed to correlate with community 
composition, mineral horizon pH being the only exception. 
2.4 Discussion 
The same two EM species found in greatest abundance on seedling root tips in 
the field also dominated in this study. These species -- Cenococcum geophilum and 
Thelephoraceae sp. 1 -- appear to be generalists with regard to host identity. Previous 
studies have observed lower relative abundances of C. geophilum in bioassay pots than in 
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the field, and it has been suggested that C. geophilum is a poor competitor when confined 
in close proximity to other species (Avis and Charvat 2005, Dickie et al. 2002). In this 
study system, however, C. geophilum almost always co-occurred with other species on 
the same seedling, and I observed no difference in its extent of colonization between 
field and growth chamber studies. Indeed, C. geophilum was the first species to form 
visible EM root tips on both oak and pine seedlings in the growth chamber (pers. obs.), 
and it remained persistently common as other species germinated and formed 
mycorrhizae. 
Some species, such as Sebacina sp. 1 and Thelephoraceae sp. 2, which previously 
showed a preference for canopy type are now expressing a preference for seedling 
identity instead. This change suggests that canopy trees exert a direct influence on the 
abundance of certain EM taxa, rather than an indirect effect via soil conditions. The 
genus Rhizopogon showed a dramatic increase in its abundance when moved from the 
field to laboratory conditions, which supports its status as a colonization-adapted taxon 
(Peay and Bruns 2009) that readily colonizes root tips from newly germinated spores. 
Field soils recovered the same pattern of segregating by canopy type as 
previously found on seedlings in the field -- an interesting result given that all fungi 
were amplified for sequencing, not just EM fungi. One possible explanation is that EM 
fungi are so dominant in the upper soil horizons that non-EM fungi have a negligible 
effect on the community analyses; however, this seems unlikely given that EM 
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mycelium accounts for only a third of the fungal biomass in soil (Hogberg and Hogberg 
2002) and that saprophytic fungi predominate in the litter layer (O'Brien et al. 2005). 
Assuming there are significant quantities of non-EM fungi present, they could be 
directly responding to either soil properties or canopy type. This would generate 
differences in non-EM diversity between oak- and pine-dominated plots, such that non-
EM and EM communities have a correlative but not causative relationship. 
In growth chamber soils, the fungal communities clustered by seedling identity 
regardless of where the soil originated, demonstrating that the adult trees' preference for 
certain EM fungi was, indeed, the primary driver of EM diversity found on seedlings in 
the field. I not only saw an absence of grouping according to canopy type, but also a 
much stronger signal of seedling identity effects, which were present in the field study 
but partially obscured by canopy effects. Only one treatment -- pine seedlings planted in 
soil from oak plot 11 ("11O pine") -- failed to cluster with conspecific seedlings, 
appearing within the oak seedling cluster group instead. Interestingly, this does not 
appear to be a lingering effect of soil origin, since the oak seedlings planted in the same 
soil ("11O oak") do not cluster especially close to the 11O pine seedlings. 
With the influence of canopy trees removed, one soil property -- mineral soil pH 
-- still correlates with fungal community composition. This vector lies perpendicular to 
the direction which would indicate a correlation with seedling identity, indicating that 
pH is not responsible for the differences in fungal communities associated with pine and 
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oak seedlings. Within the range of possible community compositions preferred by a 
particular seedling species, variation in pH of the A-horizon does appear to influence 
which fungi become dominant. But in this system, soil is a secondary factor, and the 
signal of its influence on fungal communities can easily be overwhelmed by the effect of 
canopy tree fungal preference.  
Again, it is interesting to note that these well-differentiated fungal communities 
contain both EM and non-EM species. If these soil samples contained a significant 
diversity of non-EM fungi, then I could conclude that the non-EM community is 
responding to host identity rather than soil properties. It could also be that canopy trees 
exert an indirect influence on the non-EM community by favoring certain EM fungi over 
others. For this to be true, the EM community would have to be a primary driver of non-
EM fungal composition. Then, in the absence of canopy trees, seedlings could indirectly 
affect non-EM fungi by influencing EM fungi. 
In conclusion, this study did recover evidence of fungal communities responding 
to all three direct influences -- canopy type, seedling identity, and soil properties -- but 
in descending order of importance. The influence of canopy trees on the fungal 
community is strong enough to partially mask the fungal preferences of the seedlings 
themselves. Both soil properties and fungi respond to canopy type in the field; this 
produces the appearance of soil effecting the fungal community, when in fact the 
relationship is not causitive. The influence of canopy type obscures the true effect of A-
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horizon pH on fungal community composition, such that it can only be definitively 
observed in the absence of adult trees. While soil properties have often been implicated 
as drivers of fungal communities, this study shows that we must be cautious when 
inferring causal relationships in complex systems.
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Figure 8. Ranked abundances of EM fungal species found on root tips. 
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Figure 9. Cluster analysis dendrogram of community composition of soil fungi across field plots. Oak-canopy and 
pine-canopy plots cluster separately. 
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Figure 10. Cluster analysis dendrogram of fungal communities in growth chamber soils. Seedling identity 
determines cluster group with only one exception (11O pine). 
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Figure 11. Two-dimensional NMS ordination of field soils in species space. 
Labels are plot IDs, with "O" for oak canopy and "P" for pine canopy. Vectors indicate 
post-hoc correlations of soil variables: organic horizon C:N, mineral horizon C:N, 
organic horizon N, mineral horizon clay, organic horizon pH, mineral horizon pH. 
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Figure 12. Two-dimensional NMS ordination of growth chamber soils in 
species space. Labels are plot IDs followed by seedling species ("pine" or "oak"). Without 
the influence of canopy trees on soil fungi, only one soil property correlates with fungal 
community composition. 
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3. Ectomycorrhizal diversity of oak forests in the Sierra 
Madre Oriental, Mexico 
3.1 Introduction 
Ectomycorrhizal (EM) fungi play an essential role in the ecology of North 
American forests. In the EM mutualism, fungal species--primarily from the 
Agaricomycotina and Pezizomycotina--associate with the roots of dominant tree families 
such as Pinaceae, Fagaceae, and Betulaceae. The host tree provides the fungus with 
photosynthates in exchange for nutrients absorbed from the soil, especially nitrogen, 
though the fungus may also confer secondary benefits such as protection against root 
pathogens and increased drought tolerance (Smith and Read 2008). This mutualism 
shows a surprising degree of convergence, having evolved independently in as many as 
82 lineages of fungi (Tedersoo and Smith 2013, Tedersoo et al. 2010). 
As well as being phylogenetically diverse, EM fungi show a range of life 
strategies (Lilleskov and Bruns 2003) and hyphal morphology (Agerer 2001), and this 
functional diversity affects host benefit. Different fungal species vary, for instance, in the 
quantity of nitrogen they provide to their host (Jones et al. 2009). Generalist EM fungi 
that freely associate with a wide range of host taxa can confer unequal benefits to 
different tree species, promoting the growth of one species over another (Pande et al. 
2007). Additionally, some degree of host preference is widely prevalent in EM-
dominated ecosystems (Smith et al. 2009), and this preference for particular host taxa 
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may play an important role in plant community assembly (Tedersoo et al. 2008). 
However, the most commonly fruiting EM species often do not correspond to the 
species that dominate on the roots of trees (Horton and Bruns 2001), so a survey of fruit 
bodies alone may not yield accurate information about the relative ecological 
importance of different species. 
Montane forests of Mexico and Central America are of particular interest to 
fungal systematists because they show a biogeographic trend of EM fungi migrating 
southward from temperate North America along with their host trees (Halling 2001). 
The dry scrubland surrounding the Sierra Madre Oriental (SMO) is dominated by plant 
taxa such as Yucca, Cordia, and Prosopis which associate with arbuscular mycorrhizal 
(AM) fungi, so the EM-dominated montane forests may act as biogeographic "sky 
islands" in a sea of AM-dominated lowlands. Subtropical and tropical oak forests host a 
wealth of unique ectomycorrhizal species (Halling and Mueller 2002) due to a 
combination of biogeographic and environmental factors. 
In this study, I conducted a survey of below-ground EM diversity in the SMO 
mountains of northeastern Mexico as a complement to ongoing taxonomic investigations 
of EM fruit bodies from the region (e.g. Guevara et al. 2013, Healy et al. 2009). These 
data allow us to address several questions that could not be explored using fruit bodies 
alone: (1) Do the EM assemblages show evidence of biogeographic isolation? (2) Are 
these communities structured similarly to other oak-dominated systems? (3) Does the 
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co-occurrence of pines at high elevation affect community composition on oaks? 
3.2 Methods 
3.2.1 Study sites 
Sampling occurred at eight sites in the vicinities of Monterrey, Nuevo León and 
Victoria, Tamaulipas in northeastern Mexico during July and August, 2008 (Table 3). 
Sites ranged in elevation from 700 m to 2700 m and could be characterized as oak-
dominated woodland or mixed oak/pine forest, often transitioning into pine-dominated 
forests at higher elevations. Oak species include Quercus polymorpha, Q. canbyi, Q. laeta, 
and Q. affinis, among others, though an individual site was often dominated by only one 
or two oak species. While temperature and precipitation are somewhat variable across 
the region and generally undocumented, the Balcón de Montezuma station (23º 36' N, 
99º 12' W, 1284m) records a mean annual temperature of 17.8º C and annual rainfall of 
1150 mm. 
3.2.2 EM root sampling and molecular identification 
Oak EM root tips were collected from the A-horizon at depths <20 cm. At each 
site, roots were sampled from 7-11 trees, for a total of 70 trees across both states. Eight to 
ten EM tips were selected from each root, attempting to sample the full range of 
morphological diversity. These root tips were washed in 70% ethanol and stored in cetyl 
trimethylammonium bromide (CTAB) at room temperature until processed. 
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DNA was extracted according to the protocol of Zolan and Pukkila (1986). The 
internal transcribed spacer region (ITS) of nuclear ribosomal DNA was amplified by 
polymerase chain reaction using either the universal forward primer ITS1 (White et al. 
1990) or the fungal-specific forward primer ITS1-F (Gardes and Bruns 1993) and the 
reverse primer ITS4 (White et al. 1990). Capillary sequencing of ITS fragments was 
conducted using Big Dye v3.1 and visualized on a 3730xl DNA Analyzer (Applied 
Biosystems, Foster City, CA). 
Sequences were manually edited and assembled at 100% similarity in 
Sequencher 4.5 (Gene Codes, Ann Arbor, MI) to check for duplicate haplotypes. If a 
given haplotype was sequenced multiple times from the same root sample, these root 
tips were assumed to be pseudoreplicates of an individual fungus, and the ITS sequence 
was recorded only once. All sequences were then assembled at 97% similarity to assign 
them to organizational taxonomic units (OTUs), approximating species-level 
delineations. Sequences were also compared against GenBank accessions using the 
BLASTn algorithm to assign genus- and, when possible, species-level identifications. 
3.2.3 Analysis and comparison against other regions 
Mycorrhizal datasets from three other studies were compared. Two of these 
studies were conducted in the Koch Natural Area in the Sierra Nevada foothills of 
California, which is classified as a Mediterranean climate and is roughly similar to the 
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low-elevation sites in Monterrey in terms of temperature (annual mean 17.8º C), 
precipitation (annual mean 710 mm) and elevation (400-600m). Oak woodland 
predominates, with mycorrhizae sampled from blue oak (Q. douglasii), interior live oak 
(Q. wislizeni), and foothill pine (P. sabiniana) (Smith et al. 2007, Morris et al. 2008). The 
third study took place in Huizteco Park, Guerrero, southern Mexico, where host trees 
experience high elevation (2400 to 2550 m) and precipitation (annual mean 1400 mm), 
and temperatures similar to northeast Mexico (annual mean 18º C). The vegetation is 
classified as tropical montane cloud forest, and EM fungi were sampled from the 
evergreen Q. laurina and deciduous Q. crassifolia (Morris et al. 2009). Like northeast 
Mexico, both of these regions have relatively low EM host diversity, and they allow for 
an examination of geographic distance, moisture regime, and co-occurring host species 
on EM community composition. 
Data from this study were first ordinated at the species level. Because of the high 
percentage of unique and unidentifiable species, it would be impossible to compare this 
study to mycorrhizal surveys in other regions without saturating the Bray-Curtis 
distance metric, so species data were reassigned to genera for the purpose of 
comparison. This level of phylogenetic grouping also alleviates the problem that one of 
the two most common genera, Tomentella, does not divide into well-differentiated 
species based on rDNA sequence analysis. 
Seven plots and 20 species were retained in the species-level analysis. Only 
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species appearing at more than one plot were included, and two plots ("mining road" 
and "Estanzuela high") were removed because they did not have sufficient shared 
species. For the genus-level analysis, all plots except for the mining road were retained, 
and 13 shared genera were used. The multi-region ordination involved 8 plots from 
SMO, 7 plots from Koch, and 4 plots from Huizteco for a total of 19 plots, with 40 genera 
shared between at least two plots. When using SMO data only, the abundances were 
relativized by species/genus maximum. Because of differences in sampling quantity 
between studies, the ordination of multiple studies used abundances relativized by plot 
instead. 
Nonmetric multidimensional scaling (NMS) is an ordination method particularly 
well-suited for handling species data (McCune and Grace 2002). The optimum number 
of NMS axes for each analysis was determined using a stepdown procedure. Varimax 
rotation was then implemented, and vectors indicating correlations with environmental 
variables were overlaid post-hoc. Cluster analysis was then explored as a method for 
classifying sites according to their EM assemblages. (Gower 1967). The Bray-Curtis 
distance measure and flexible beta joining algorithm were implemented, which 
preserves spatial relationships among samples, so cluster groups could be overlaid on 
NMS ordinations for interpretation. Mantel's test was used to determine the optimal 
number of cluster groups. Ten thousand permutations on a one-tailed test were used to 
calculate a p-value for the significance of this difference. NMS and cluster analyses were 
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conducted in PC-Ord version 5 (McCune and Mefford 1999). Mantel's test results were 
produced in R version 2.9.1 (R Development Core Team 2009) using the "ecodist" 
package (Goslee and Urban 2007). 
3.3 Results 
Of the approximately 630 root tips sampled, 274 yielded sequences. Seventy-
three of these sequences were pseudoreplicates, where a putative individual was found 
on multiple root tips from the same root sample. This leaves 201 unique sequences, of 
which 174 could be identified as fungi likely to participate in an EM symbiosis (Table 4). 
Eighty-one of the 174 EM sequences had a top BLAST hit with percent similarity at or 
above 97%. However, only 33 of these BLAST searches yielded GenBank accessions with 
sufficient information to make a species-level identification for the sequence in question. 
The genera Tuber and Tomentella were recovered most frequently, with Sebacina and 
Inocybe also common. Despite roughly even sampling between sites, more sequences 
were recovered from sites in Victoria than in Monterrey, possibly because Monterrey 
was drier at the time of sampling (pers. obs.), so the EM tissue was less fresh. At 97% 
similarity, these sequences grouped into 44 OTUs from Nuevo Leon, 84 OTUs from 
Tamaulipas, and 117 OTUs combined. 
Because most sequences could not be identified down to the species level, OTU 
designations were used in lieu of species for the species-based ordination. For both SMO 
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ordinations, two-dimensional solutions were selected, converging on final stress values 
of 11.4 for species-based and 6.12 for genus-based ordinations (Fig. 13). The species-
based ordination explained 49.4% of the variance on Axis 1 and 32.2% on Axis 2, while 
the genus-based ordination explained 54.6% on Axis 1 and 32.1% on Axis 2. A three-
dimensional solution (Fig. 14) was selected for the multi-region ordination, converging 
on a final stress of 7.72 with 30.0% of the variance explained on Axis 1, 25.3% on Axis 2, 
and 37.2% on Axis 3. 
Clustering for SMO data yielded high percent chaining -- 14.29% for species-
based and 36.36% for genus-based -- though this is likely an artifact of the small number 
of plots included in the analysis and not a reflection on the quality of the analysis itself. 
When the plots from other regions were included, the percent chaining fell to 4.67%. 
While the optimal cluster level of 4 was significant (p-value=0.0074) for the species-
based analysis, the Mantel correlation was substantially lower than that of the genus-
based analysis (RM=0.651 versus RM=0.752), so it was not represented graphically. The 
multi-region analysis clustered optimally at 4 groups (RM=0.730, p-value=0.0001), with 
the 3-group clustering following close behind (RM=0.704, p-value=0.0001), so both were 
presented for interpretation. 
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3.4 Discussion 
Despite the likelihood of geographic isolation and the low diversity of host trees, 
EM fungal diversity was high. This study adds to a growing body of literature 
indicating that host density may be more important than host diversity in the 
determination of symbiont species richness. Fruit body surveys from montane oak 
forests in Costa Rica reflect a similar richness of EM fungi supported by even fewer oak 
species (Halling ad Mueller 2005, Mueller et al. 2006). In the lowland neotropics, the 
high EM diversity found on Dicymbe corymbosa -- a tree that forms monodominant 
stands -- contrasts starkly with the low richness and abundance found on widely-
dispersed EM hosts such as the Nyctaginaceae, Pakaraimaea dipterocarpacea 
(Dipterocarpaceae), Gnetum (Gnetaceae), and Coccoloba (Polygonaceae) (Henkel et al. 
2002, Haug et al. 2005, Moyersoen 2006, Setaro et al. 2006, Tedersoo et al. 2010). The 
positive impact of host density on the diversity of wood-decay, epifoliar, and 
endophytic fungi has been previously documented (Gilbert et al. 2002, Gilbert et al. 2007, 
Suryanarayanan et al. 2003), and the species richness of ectomycorrhizal fungi appears 
to be similarly dependent on host density. 
However, two genera -- Tuber and Tomentella -- predominated in this study, 
collectively comprising almost 40% of all EM samples. While species richness of EM 
fungal communities may depend on host density, evenness may reflect some other 
variable, such as the species richness of host trees. Low evenness, in turn, may affect 
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ecosystem function, with the dominant EM fungi having a proportionately large 
influence. 
This study shows that a survey based on fruit bodies alone could severely 
underrepresent the taxa most actively engaged in the EM symbiosis. Tuber, a hypogeous 
ascomycete, and Tomentella, a corticioid basidiomycete, are both easily overlooked 
during fruit body collections. Additionally, Tuber demonstrates the necessity of 
sampling across a wide taxonomic range. Some below-ground studies have used 
basidiomycete-specific primers to avoid contamination from nonmycorrhizal 
ascomycetes (Parrent et al. 2006, Landeweert et al. 2003), thus raising the sequencing 
success rate; however, this study provides an example where the most common genus 
found on root tips would have been missed using basidiomycete-specific primers. 
Here, I also present what may be the first documented case of an EM fungus 
from the Sarcosomataceae. This family of ascomycetous cup fungi is assumed to be 
saprobic, though very little is known about its ecology (Hansen and Pfister 2006). The 
Sarcosomataceae comprise part of a clade sister to the Pyronemataceae (Hansen and 
Pfister 2006, Pfister et al. 2008), another family of operculate discomycetes once assumed 
to be entirely saprobic. The Pyronemataceae are now known to contain some EM species 
(Tedersoo et al. 2006), and ancestral state reconstruction reveals six independent 
evolutions of the EM life strategy within this family (Hansen et al. 2013). While my 
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detection of an EM species within the Sarcosomataceae is not definitive, it does indicate 
that the ecology of Sarcosomataceae merits further study. 
Interestingly, the list of species recovered from root tips does not include some 
putatively ectomycorrhizal species found during concurrent fruit body collection, such 
as members of the genera Hysterangium, Rhizopogon, Scleroderma, and Ramaria (Trappe et 
al. unpublished data). While I advocate the study of the EM fungal community using 
below-ground techniques, surveys of fruit bodies are clearly still necessary, both for 
sampling diversity and for describing the morphology of new taxa. 
Most sequences could not be identified down to the species level due to a 
combination of low sequence similarity and insufficiently annotated GenBank 
accessions. This illustrates the need for further molecular studies in subtropical North 
America, particularly because the subtropics and tropics provide excellent opportunities 
to study the effects of host density versus host richness. 
We must be cautious in interepreting genus-level data, since ecological 
variability exists within any given genus. However, species within the same genus 
usually share macroscopic features such as hyphal exploration type (Agerer 2001) and 
fruit body morphology, and are probably more biochemically similar to each other than 
they are to species from a separate, independent evolution of the EM symbiosis. In the 
absence of species data, analysis at a higher taxonomic level can reveal broad-scale 
ecological patterns and highlight possible future directions for research. 
  
53 
The potential effects of host preference are particularly relevant for the already 
at-risk Mexican oak forests. Some land-use practices have been demonstrated to cause a 
shift in community composition from oak to pine dominance, and a disproportionately 
high representation of pines leads to decreased soil fertility and an understory of 
depauperate species richness (García-Barrios and González-Espinosa 2004). This shift 
also has socio-economic implications, because pine makes inferior firewood and is less 
desirable as a commercial product. For these reasons, the preservation of Mexican oak 
forests will likely become a major concern in the near future. EM fungi are a critical and 
understudied factor influencing the outcome of competition between different host 
trees, and a more complete understanding of EM community assembly may aid future 
efforts at forest management. 
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Table 3. Nine sampling sites across northeast Mexico. Exact host species information is not known for some sites. 
Collection site State Lat (N) Long (W) Elevation Description Dominant host trees 
mining road Nuevo Leon 26° 06' 99° 57' 1060 m dry oak forest Quercus 
El Barro uphill Nuevo Leon 25° 31' 100° 13' 600 m oak forest Quercus 
El Barro downhill Nuevo Leon 25° 31' 100° 13' 600 m oak forest Quercus 
La Estanzuela high Nuevo Leon 25° 31' 100° 17' 1990 m mixed oak/pine Q. polymorpha, others 
La Estanzuela low Nuevo Leon 25° 32' 100° 16' 770 m oak forest Q. polymorpha, other Quercus 
El Madrono Tamaulipas 23° 36' 99° 14' 1460 m oak woodland Q. canbyi, Q. polymorpha, Q. laeta 
Las Mulas high Tamaulipas 23° 37' 99° 14' 1590 m shrub oak woodland Q. intricata 
Las Mulas low Tamaulipas 23° 37' 99° 15' 1520 m oak woodland Q. canbyi, Q. polymorpha 
Miquihuaua Tamaulipas 23° 36' 99° 42' 2610 m mixed oak/pine/madron Q. affinis, P. montezumae, P. teocote 
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Table 4. Ectomycorrhizal taxa ranked by abundance. 
Order Family Genus 
Pezizales - 57 total 35 Tuberaceae 35 Tuber 
 11 Pezizaceae 6 Peziza 
  4 Pachyphloeus 
  1 Genus Unknown 
 7 Pyronemataceae 4 Genea 
  2 Humaria 
  1 Genus Unknown 
 1 Sarcosomataceae 
 3 Family Unknown 
Thelephorales - 35 total 35 Thelephoraceae 34 Tomentella 
  1 Thelephora 
Agaricales - 25 total 23 Cortinariaceae 18 Inocybe 
  4 Cortinarius 
  1 Hebeloma 
 2 Tricholomataceae 1 Laccaria 
  1 Mycena 
Sebacinales - 18 total 18 Sebacinaceae 17 Sebacina 
  1 Tremelloscypha 
Russulales - 19 total 19 Russulaceae 10 Russula 
  9 Lactarius 
Cantharellales - 6 total 6 Clavulinaceae 6 Clavulina 
Dothideomycetes - 6 total 6 Cenococcum 
Boletales - 4 total 2 Sclerodermataceae 2 Scleroderma 
 2 Boletaceae 1 Strobilomyces 
  1 Genus Unknown 
Atheliales - 2 total 2 Atheliaceae 2 Piloderma 
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Figure 13. NMS ordinations for EM fungal abundances at sites in northeast Mexico with abundances tallied at two 
phylogenetic levels: species and genus. At the species level, the high-elevation Estanzuela site did not share enough in common 
with other sites to be included in the analysis, so this site appears only in the genus-level ordination. The sites in the genus-level 
ordination are also presented at a cluster level of two groups, with one group depicted in green and the other in red. Vectors 
show correlations of environmental variables. 
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Figure 14. NMS ordination for three regions with vectors showing correlations of environmental variables. Sites are 
grouped at a cluster level of 3 in the Axes 1 versus 3 graph (left) and at a cluster level of 4 in the Axes 2 versus 3 graph (right). 
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4. Proximity to mature trees enhances availability of 
ectomycorrhizal fungi for seedlings of Dicymbe 
corymbosa (Caesalpiniaceae) in Guyana 
4.1 Introduction 
Neotropical lowland rain forests are characterized by high alpha diversity of tree 
species and relatively few ectomycorrhizal host plants. Monodominance is rare, and 
where it does occur, ecologists struggle to determine how it develops and persists (e.g. 
Lopez and Kursar 2007, Fonty et al. 2011, Peh et al. 2011). Often, monodominance can be 
attributed to temporary successional seres or harsh localized environmental conditions 
such as inundated soils (Hart 1990, Richards 1996). For a species growing on well-
drained soil to attain persistent monodominance, it may require a suite of unique traits 
to exclude other species from establishing within the stand (Torti et al. 2001). Dicymbe 
corymbosa (Caesalpiniaceae) is perhaps the most dramatic example of such a species. 
Native to the Guiana Shield region of northeast South America, D. corymbosa 
forms monodominant stands wherein it can account for up the 95% of the basal area 
(Henkel et al. 2002, Henkel 2003). These stands occur on well-drained upland sites, 
embedded in a matrix of high-diversity mixed forests. Dicymbe corymbosa expresses a 
number of unusual characteristics which may contribute to the establishment and 
persistence of monodominant stands, including reiterative growth and coppicing 
(Woolley et al. 2008), mast fruiting and extended survivorship among established 
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seedlings (Henkel et al. 2005), root mounds that act as litter catches (Henkel 2003), and 
perhaps most interesting: the ability to associate with ectomycorrhizal (EM) fungi in 
addition to the arbuscular mycorrhizal (AM) fungi found on the roots of the majority of 
neotropical trees (Henkel et al. 2002, McGuire et al. 2008). 
Most temperate forests are dominated by one or more EM-associated tree taxa, 
such as Pinaceae and Fagaceae. In these forests, the dominant canopy species controls 
the mycorrhizal assemblage in the soil, which can affect the ability of seedlings to locate 
suitable symbionts (Chapter 1). Seedlings may preferentially associate with common 
mycorrhizal networks (CMNs), because these mature fungi are receiving ample carbon 
from canopy trees, and thus may be able to provide low-cost nutrients to seedlings 
(Simard and Durall 2004). CMNs have been shown to improve survivorship of seedlings 
by compensating for the competitive effects of adult conspecifics (Booth and Hoeksema 
2010). In D. corymbosa stands, seedlings with access to CMNs outperform seedlings 
without access -- both in terms of growth and survivorship -- despite no significant 
difference in root-tip colonization (McGuire 2007a). In this context, CMNs may 
counteract Janzen-Connell effects (Janzen 1970, Connell 1971a, Connell 1971b) and 
contribute to the ability of D. corymbosa to form monodominant stands in the tropics. 
A previous study found that 1-year-old seedlings had lower survivorship and 
less mycorrhization in mixed forest than in monodominant stands (McGuire 2007b). This 
suggests that a single adult D. corymbosa provides an insufficient reservoir of EM fungi, 
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which hinders the establishment of its seedlings. However, it is not clear that the 
relationship is causative; both seedling survivorship and mycorrhization may have been 
responding to a third factor, such as the chemical composition of litter deposited by non-
Dicymbe trees. Or low mycorrhization may have been a result, rather than a cause, of 
poor seedling health and imminent mortality. 
Here, I examine the diversity of EM fungi associated with seedling roots and 
available in the rhizosphere soil, in order to assess how species richness and community 
composition may affect seedling recruitment. In mixed forest where only one adult host 
tree is present, I predict a distance-dependent effect on the availability of EM fungi for 
seedlings, and I expect the lack of access to EM fungi to be reflected in the isotopic ratios 
of the seedlings. 
4.2 Methods 
4.2.1 Study Site and Experimental Design 
This study was conducted in the Pakaraima Mountain Range of central Guyana, 
near the Upper Potaro river basin (5°18'N, 59°54'W; elevation 720m). I sampled from 
long-term plots established in monodominant D. corymbosa forest (Henkel 2003) as well 
as transition zones into adjacent mixed forest. 
At three locations in the transition zone between monodominant forest and 
mixed AM-dominated forest, I identified the farthest away reproductive-age individual 
of D. corymbosa and drew a transect away from the base of the tree in the direction of the 
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mixed forest. I then found three "near" seedlings (at the base of the parent tree's root 
mound), three "medium" distance seedlings (approx. 7m along the transect), and three 
"far" seedlings (approx. 15m along the transect). For comparison, two transects were 
delineated inside monodominant stands and seedlings were chosen following the same 
procedure. 
After seedlings were examined to determine their approximate age, they were 
dug up and the dirt rinsed from the roots. I sampled either all EM root tips (for mixed 
forest seedlings) or a representative selection of all EM morphotypes (for stand 
seedlings). Soil samples were collected from the rhizospheres of all nine seedlings, with 
an additional tenth sample taken at a distance of ~20m along each transect. Leaves were 
collected from "far" seedlings in mixed forest, and from adults and "near" seedlings in 
monodominant stands. Root tips and soil samples were silica-dried to preserve them for 
transport. 
DNA was extracted from root tips following the Extract-N-Amp protocol (Sigma-
Aldrich, Inc.) with individual root tips in 20μl extraction solution, and the internal 
transcribed spacer (ITS) region of ribosomal DNA was amplified via polymerase chain 
reaction using the forward primer ITS1-F (Gardes and Bruns 1993) and either ITS4 or 
ITS2 as a reverse primer (White et al. 1990). This region was sequenced using BigDye 
v3.1 and a 3730xl DNA Analyzer (Applied Biosystems, Foster City, CA). For 
identification, root-tip sequences were compared against an extensive database of ITS 
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sequences from EM fruit bodies and adult root-tips collected in Guyana (M.E. Smith, 
unpublished) using ViroBLAST (Deng et al. 2007). Sequences were submitted to 
Genbank under accession numbers XXXXXXXX-XXXXXXXX. 
DNA extractions from soil samples were performed with a PowerSoil Extraction 
Kit (Mo Bio). The ITS region was amplified with tagged primers, the amplicons pooled, 
and high-throughput pyrosequencing was performed on a Roche 454 GS FLX (454 Life 
Sciences). 
4.2.2 Data Analysis 
To compare the community composition of seedling-associated EM fungi within 
and outside of monodominant stands, PC-Ord version 5 (McCune and Mefford 1999) 
was used to perform nonmetric multidimensional scaling (NMS). A two-dimensional 
solution was selected based on the stress results of a stepdown procedure. 
The high-throughput soil sequences were denoised in QIIME version 1.8 
(Caporaso et al. 2010) using the denoise_wrapper.py function (Reeder and Knight 2010). 
These data were clustered with a modified version of the pick_open_reference_otus.py 
pipeline, using blast for prefiltering at 85% similarity and as the clustering method for 
the initial round of OTU picking. The centroid-based method uclust (Edgar 2010) was 
then used to recover de novo OTUs from those sequences that failed to match the 
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reference data. These de novo OTUs were identified by comparison against a subset of 
the UNITE database, and only EM taxa were retained for analysis. 
4.3 Results 
While seedlings recruited within monodominant plots yielded ample EM root 
tips, consistent with previous observations of high colonization rates (McGuire 2007a), 
my direct sequencing approach was constrained by the very low abundance of EM root 
tips found on transition-zone seedlings. Because of this, no effect of distance from parent 
tree was observed, though the EM diversity per seedling was consistently higher at all 
distances for monodominant transects (Fig. 15). Overall, seedlings in monodominant 
stands yielded significantly greater species richness per seedling than those in transition 
zones (P < 0.001). 
High-throughput sequencing provided a more comprehensive sampling of the 
EM community available in the soil, recovering close to twice as many species in the 
monodominant stands (Fig. 15). In mixed forest, EM species richness per soil sample 
was high near the parent trees and steadily decreased with distance. Taking each 
transect as a whole, EM species richness was lower in mixed-forest soil than 
monodominant-stand soil (Fig. 17). The Clavulinaceae, Russulaceae, and Thelephoraceae 
were well represented in all transects, which is consistent with results obtained from 
seedling root tips. Of the 61 species found on root tips, 31 were found in multiple 
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transects or at multiple distances and thus were informative for NMS analysis (Fig. 16). 
The soil sequencing recovered 105 putatively ectomycorrhizal OTUs, of which 43 were 
among those found on seedling root tips. The 62 remaining sequences included 26 
species known from fruit bodies, 23 OTUs found previously on adult roots, and 13 de 
novo OTUs which belong to EM lineages. 
 My initial attempt at picking OTUs with the uclust method (Edgar 2010) in 
QIIME yielded puzzlingly few matches to the reference database and a large number of 
de novo OTUs, which did not make sense given the comprehensive fruit body sampling 
that produced the reference data. There was also a clear taxonomic bias in how well the 
clustering method worked, with Russula overrepresented and other common taxa, such 
as Tomentella, entirely absent. From this I concluded that centroid-based clustering 
methods may be too conservative for the highly variable ITS region, so I switched to 
BLAST for comparison against the reference database. The data remaining after this step 
are more likely to contain erroneous sequences, so a conservative method such as uclust 
may be preferable for the recovery of de novo OTUs. 
4.4 Discussion 
Both direct root-tip sequencing and soil sequencing detected low EM diversity in 
transition zones compared with monodominant stands, suggesting that the low 
mycorrhization rates of transition-zone seedlings are, indeed, a product of the decreased 
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availability of EM fungi. Transition-zone seedlings, even those growing directly beside 
the parent tree, yielded so few root tips that a distant-dependent decrease in EM 
diversity could not be observed. The diversity within monodominant stands, however, 
was high enough to demonstrate a definite absence of distant-dependent effects along 
those transects. This indicates that the high abundance of D. corymbosa adults can 
support enough EM fungi to effectively saturate the soil. 
The high-throughput sequences corroborate the idea that, within stands, 
proximity to an adult tree does not alter the availability of EM fungi in rhizosphere soil. 
The two soil samples taken at 20m yielded slightly less EM diversity, but this is likely 
because these samples were not from the rhizosphere of a seedling. It appears that 
successfully established seedlings boost EM diversity on a very small spatial scale, 
assumedly by attracting hyphae for mycorrhizal root tip formation. This is an interesting 
result in the context of McGuire's CMNs theory (2007a), in which D. corymbosa seedlings 
are heavily dependent on parasitizing adults for survival and growth. Since seedlings 
can persist in the understory for years with very little growth, the amount of 
carbohydrates and nutrients stolen from the fungi may be negligible while the seedlings 
wait for a canopy gap to open. However, if it is a significant amount, either the fungi 
cannot distinguish the roots of parasitic seedlings from those of mutualistic adults, or 
the adults are actively selecting for fungi that will feed their progeny. 
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In mixed forest, the diversity of EM fungi in the soil dropped off with distance 
from the parent tree, as predicted. At approximately 20m, the non-rhizosphere soil 
samples recovered no EM species for two of the three transects; since pyrosequencing 
can detect fungi not only from mycelium but from the spore bank as well, this result 
indicates a profound lack of EM symbionts available to seedlings. The rhizosphere soils 
yielded more EM species with increasing proximity to the parent tree, though even the 
samples collected at the base of the adult's root mound contained significantly less EM 
diversity than any rhizosphere samples from within the monodominant stands. 
Apparently, D. corymbosa adults that are isolated from conspecifics in AM-associated 
mixed forest either cannot acquire or cannot maintain the level of EM diversity seen in 
monodominant stands. 
Since stands serve as the source from which outlying trees receive fungal 
inoculum, it is not surprising to find that the communities are quite similar. While there 
is some separation between the EM community composition of transition zones and 
monodominant stands (Fig. 16), the difference is primarily driven by the low diversity 
found on "far" seedlings from the transition-zone transects. The Clavulinaceae, 
Russulaceae, and Thelephoraceae were found on multiple seedlings in all transects, 
which is consistent with their common occurrence on mature D. corymbosa roots. Some, 
but not all, of the taxa within these families behaved predictably based on data from 
adult trees. For example, Tomentella "brown fuzzy" mes348, the most common member 
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of the Thelephoraceae found in previous studies, was present on multiple seedlings in 
all transects. 
Other species, however, varied in their local abundance. Tomentella TH8977 -- a 
rare species on adult roots -- was absent from monodominant stand transects but found 
in all three transition zone transects, especially in association with "far" seedlings. This 
species may be well adapted for spore dispersal and colonization, or poorly adapted for 
the highly competitive niches inside established stands. I also found examples of the 
opposite pattern. The genus Inocybe was found on seedlings at all distances in the 
monodominant stands, but only found on one "near" and one "medium" distance 
seedling in transect three. The soil community analysis supported the absence of Inocybe 
from the rhizosphere in the other two transition zones. Inocybe appears to be dispersal-
limited and strongly reliant on adult trees to support the fungal individuals also 
associating with seedlings. 
The functional differences driving these patterns of community composition 
remain unclear, and they may well have an impact on the health of seedlings. An EM 
species may be common because it provides excellent service to and is therefore 
preferred by its host; or it may be a comparatively poor mutualist that nonetheless 
aggressively colonizes root-tips to the exclusion of other, preferred species. If 
"competition-adapted" is taken to mean the former of these two strategies, then we may 
infer the dispersal-adapted fungi available in the transition zones are indeed lower 
  
68 
quality mutualists. In this context, EM community composition may affect seedling 
fitness even in the absence of differences in total species richness or in the availability of 
access to CMNs. 
Curiously, the Boletales were noticeably underrepresented or absent on all 
seedlings, including those growing within monodominant stands. Boletes comprise 
approximately 10-20% of the EM diversity on adult roots (Smith et al., unpublished) and 
are commonly found as fruit bodies. But only three species were recovered from 
seedling roots, compared to two dozen found on adult roots, and of these three only 
Xerocomus TH8850 could be included in the NMS analysis because the other two did not 
occur in multiple locations. However, members of the Boletales were detected in the soil 
samples of all five transects -- including ten species across four genera -- demonstrating 
that Boletalean spores and/or hyphae were available in the seedlings' rhizospheres. It's 
unclear whether this lack of association results from a preference for mature canopy 
trees on the part of the boletes or a dislike of boletes on the part of the seedlings. Boletes 
may be particularly adept at retaining the photosynthates they receive from adults, or at 
avoiding root-tips that do not provide a favorable exchange rate of photosynthates for 
nutrients. 
These findings point to several possible mechanisms that might serve to maintain 
the hyper-diversity of fungi found in association with D. corymbosa, including 
specialization on adults, spore dispersability, and interspecific competitive ability. I also 
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observed a distant-dependent effect on the availability of EM fungi as well as low 
diversity overall in mixed forest, both of which support the theory that EM fungi play an 
important role in counteracting Janzen-Connell effects and thus facilitating the 
formation of monodominant stands. 
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Figure 15. EM species richness per seedling as a function of distance from the parent tree. Three transition zone 
transects ("mix") and two monodominant stand transects ("mono") were sampled using direct sequencing of EM root tips 
(left) and 454 sequencing of soil fungi (right). Near, medium, and far samples were taken from seedling rhizospheres; the 20m 
samples represent non-rhizosphere soil beyond the farthest seedling. Average EM species per seedling. 
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Figure 16. Two-dimensional NMS ordination of fungal communities in the 
soil. Mixed forest transects (ST1, ST2, ST3) and monodominant stand transects (ST4, 
ST5) appear somewhat separate. No effect of distance (Near, Medium, Far) on 
community composition is evident. 
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Figure 17. EM species richness in soil, broken down by transect and family.  
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5. Do seedlings steal carbon and nitrogen from 
ectomycorrhizal fungi in monodominant stands of 
Dicymbe corymbosa? 
5.1 Introduction 
An individual ectomycorrhizal (EM) fungus may affect plant community 
structure by associating with more than indiviual host. Common mycorrhizal networks 
(CMNs) are a concurrent association with multiple plants that facilitates the transfer of 
compounds -- such as carbohydrates, water, and nutrients -- between different host 
individuals. Myco-heterotrophic (MH) plants such as Indian pipes (Monotropa uniflora) 
and other members of the plant tribe Monotropoideae indirectly parasitize other plants 
via these CMNs (Trudell et al. 2003). However, the quantity of carbon transferred 
through CMNs between predominantly photosynthetic species and even between 
conspecific hosts is still a matter of debate (van der Heijden and Horton 2009). 
Partially MH plants produce chlorophyll and photosynthesize, but also rely on 
mycorrhizal fungi as a source of supplemental carbon. Often, plants that utilize an MH 
germination strategy will also be partially MH as adults; this includes members of the 
well-studied Orchidaceae as well as the Pyroleae tribe within the Ericaceae (Tedersoo et 
al. 2007, Hynson et al. 2009). In other cases, seedlings may tap into prepaid networks 
established by "nurse" plants not for any nutritive benefit but to improve their drought 
resistance (Richard et al. 2009). 
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Stable isotope ratios can indicate whether or not seedlings are receiving nitrogen 
or carbon from CMNs. Due to isotopic fractionation during synthesis of transfer 
compounds, EM fungi retain δ15N-enriched nitrogen and preferentially transfer δ15N-
depleted nitrogen to the host tree (Hobbie and Hogberg 2012). The host tree, in contrast, 
packages δ13C into simple sugars, and secondary products such as lignin and lipids are 
comparatively depleted in heavy carbon (Gleixner et al. 1993). Mycorrhizal fungi receive 
the simple sugars and thus show a significant isotopic enrichment in δ13C relative to 
host plant foliage (Hobbie et al. 1999). 
The EM fungal community's enrichment in heavy isotopes of both carbon an 
nitrogen is then reflected in the isotopic ratios of myco-heterotrophic plants (Hynson et 
al. 2009). Entirely MH plants have isotopic ratios similar to those of the fungi they 
associate with (Trudell et al. 2003), and partially MH plants show δ13C enrichment 
proportional to their carbon uptake (Tedersoo et al. 2007). 
Dicymbe corymbosa (Caesalpineaceae) is an ectomycorrhizal legume that forms 
monodominant stands in the lowland Neotropics. These stands support unique EM 
fungal communities within a matrix of AM-associated forest characterized by high levels 
of plant diversity. Once established within a monodominant stand, the seedlings of D. 
corymbosa persist in low-light understory conditions for years (Henkel 2003), which is 
especially puzzling in the context of Janzen-Connell effects. Partial mycoheterotrophy 
may be one mechanism that allows for their long-term survivorship. 
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I predict that D. corymbosa seedlings with access to CMNs will show heavy 
isotopic enrichment similar to that of partially MH plants, indicating that they are 
receiving nitrogen and some carbon from EM fungi. Seedlings established outside 
monodominant stands and far away from their parent tree should have limited access to 
EM fungi, and thus be depleted in heavy isotopes relative to stand seedlings. 
5.2 Methods 
The study sites used here are near the Upper Potaro river basin in the Pakaraima 
Mountain Range of central Guyana (5°18'N, 59°54'W; elevation 720m). Samples were 
taken from long-term research plots within monodominant D. corymbosa forest and 
transition zones into adjacent non-EM mixed forest. 
Leaves were collected from transects delineated for a concurrent project (Chapter 
4). From monodominant stands, I sampled adult trees and seedlings recruited directly at 
the base of the root mounds of those adults. From mixed forest, only the farthest 
seedlings were sampled to minimize the availability of EM fungi. When possible, 
younger leaves were selected to minimize the quantity of epifoliar growth. Leaves were 
dried with silica to preserve isotopic ratios during transport. 
Several small pieces were broken off each dried leaf and pulverized in a ball mill. 
For each sample, 2.5-4 mg of this powder was run through a Carlo Erba Elemental 
Analyzer (CE Elantech, Inc, Lakewood, NJ) coupled to a Finnigan MAT Delta Plus XL 
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continuous flow mass spectrometer (Thermo Fisher Scientific, Inc). This process 
determined the carbon and nitrogen content as a percentage of dry mass as well as 
stable isotope ratios. 
5.3 Results 
Averages of %N, %C, and stable isotopic ratios are presented for each sample 
group (Table 5). Stand seedlings were enriched in δ15N compared to stand adults, and 
mixed-forest seedlings had an intermediate value but were not significantly different 
from either of the other sample groups. Mixed-forest seedlings were, however, depleted 
in δ13C compared to both stand seedlings and stand adults. 
5.4 Discussion 
Stand seedlings were significantly enriched in foliar δ15N compared to adults, 
indicating that they are behaving as partial myco-heterotrophs, but the data for mixed-
forest seedlings are inconclusive. Both stand seedlings and adults showed δ13C 
enrichment compared to mixed-forest seedlings, which suggests that seedlings with 
access to EM fungi are donating carbon to those fungi in the same proportion as adults. 
This is surprising, since light availability is much higher for canopy trees than for 
understory seedlings, and low light conditions encourage transfer of carbon from fungi 
to partially myco-heterotrophic plants (Zimmer et al. 2007). Even if D. corymbosa 
seedlings are unable to "steal" carbon from adults via CMNs, I would expect them to 
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donate very little carbon to the fungi -- especially given that δ15N-enrichment is a sign of 
"stealing" nitrogen from the fungi, instead of receiving δ15N-depleted transfer 
compounds. 
The self-contradictory stable isotope results suggest that the CMN interactions 
among adults, seedlings, and EM fungi may be more complicated than originally 
thought. A more comprehensive isotope study, including data from fruit bodies and 
root tips, would help to illuminate the role of CMNs in seedling recruitment. One 
possible explanation for the stable isotope data presented here is that the quantity of 
carbon and nitrogen transfer and degree of isotope fractionation depend on which EM 
taxa predominate on a small spatial scale. These traits are likely to be a component of the 
functional diversity that allows so many EM species to persist in association with a 
single species of host. 
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Table 5. Stable isotope results for carbon and nitrogen contradict one 
and other. Letters indicate statistical significance.  
Leaf origin %N δ15N (‰) * %C δ13C (‰) ** 
mixed forest seedlings 1.64 a  2.12 a,b 52.1 -35.47 a 
stand seedlings 2.31 b  2.33 b 52.6 -27.94 b 
stand adults 1.55 a  1.58 a 52.34 -29.17 b 
 
   
 
* relative to atmospheric N2 
** relative to V-PDB standard 
 
  
79 
References 
Agerer, R. 2001. Exploration types of ectomycorrhizae: A proposal to classify 
ectomycorrhizal mycelial systems according to their patterns of differentiation 
and putative ecological importance. Mycorrhiza, 11: 107-114. 
Allen, MF. 1991. The ecology of mycorrhizae. Cambridge University Press, Cambridge, 
UK. 
Avis, PG, I Charvat. 2005. The Response of Ectomycorrhizal Fungal Inoculum to Long-
Term Increases in Nitrogen Supply. Mycologia, Vol. 97, No. 2, pp. 329-337 
Bardgett, RD, WD Bowman, R Kaufmann, & SK Schmidt. 2005. A temporal approach to 
linking aboveground and belowground ecology. Trends Ecol Evol, 20(11): 634-
641. 
Booth, M. G. and J. D. Hoeksema. 2010. Mycorrhizal networks counteract competitive 
effects of canopy trees on seedling survival. Ecology 91:2294–2302. 
Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, Fierer N, 
Gonzalez Pena A, Goodrich JK, Gordon JI, Huttley GA, Kelley ST, Knights D, 
Koenig JE, Ley RE, Lozupone CA, McDonald D, Muegge BD, Pirrung M, Reeder 
J, Sevinsky JR, Turnbaugh PJ, Walters WA, Widmann J, Yatsunenko T, Zaneveld 
J, Knight R. 2010. QIIME allows analysis of high-throughput community 
sequencing data. Nature Methods 7(5): 335-336. 
Cazares, E., J. M. Trappe, and A. Jumpponen. 2005. Mycorrhiza-plant colonization 
patterns on a subalpine glacier forefront as a model system of primary 
succession. Mycorrhiza 15:405-416. 
Chao, A. 1984. Non-parametric estimation of the number of classes in a population. 
Scandinavian Journal of Statistics 11:265-270. 
Colwell, R. K. 2009. EstimateS: Statistical estimation of species richness and shared 
species from samples. Version 8.2. User's Guide and application published at: 
http://purl.oclc.org/estimates. 
Connell, J. H. 1971a. Diversity in tropical rain forests and coral reefs. Science 199:1302–
1310. 
  
80 
Connell, J.H. 1971b. On the role of natural enemies in preventing competitive exclusion 
in some marine animals and in rain forest trees. In Dynamics of Populations, PJ den 
Boer & G Gradwell, eds. pp. 298-312. Center for Agricultural Publishing and 
Documentation, Wageningen. 
Cornelissen, J. H., N. Perez-Harguindeguy, S. Diaz, J. P. Grime, B. Marzano, M. Cabido, 
F. Vendramini, and B. Cerabolini. 1999. Leaf structure and defence control litter 
decomposition rate across species and life forms in regional floras on two 
continents. New Phytologist 143:191-200. 
Deacon, J. W. and L. V. Fleming. 1992. Interactions of ectomycorrhizal fungi. Pages 249-
300 in M.F. Allen, editor. Mycorrhizal Functioning. Chapman and Hall, New 
York, NY, USA.  
Deng W, Nickle DC, Learn GH, Maust B, and Mullins JI. 2007. ViroBLAST: A stand-
alone BLAST web server for flexible queries of multiple databases and user's 
datasets. Bioinformatics 23(17):2334-2336. 
Dey, DC, D Jacobs, K McNabb, G Miller, V Baldwin, & G Foster. 2008. Artificial 
regeneration of major oak (Quercus) species in the eastern United States. For Sci, 
54: 77-106. 
Dickie IA, Koide RT, Steiner KC. 2002. Influences of established trees on mycorrhizas, 
nutrition, and growth of Quercus rubra seedlings. Ecological Monographs 72(4): 
505–521. 
Edgar RC. 2010. Search and clustering orders of magnitude faster than BLAST. 
Bioinformatics 26(19):2460-2461. 
Fonty E., JF Molino, MF Prévost and D Sabatier. 2011. A new case of neotropical 
monodominant forest: Spirotropis longifolia (Leguminosae-Papilionoideae) in 
French Guiana. Journal of Tropical Ecology,27, pp 641-644 
García-Barrios, L & M González-Espinosa. 2004. Change in oak to pine dominance in 
secondary forests may reduce shifting agriculture yields. Agr Ecosyst Environ, 
102: 389-401. 
Gardes, M., and T. D. Bruns. 1993. ITS Primers with enhanced specificity for 
Basidiomycetes—application to the identification of mycorrhizae and rusts. 
Molecular Ecology 2:113–118. 
  
81 
Gee, G. W. and D. Or. 2002. Particle-Size Analysis. Chapter 2.4 in J. H. Dane and G. 
Clarke Topp, editors. Methods of Soil Analysis, Part 4. 
Gilbert, G.S., A. Ferrer, an J. Carranza. 2002. Polypore fungal diversity and host density 
in a moist tropical forest. Biodiversity and Conservation, 11:947-957. 
Gilbert, GS, DR Reynolds, A Bethancourt. 2007. The patchiness of epifoliar fungi in 
tropical forests: host range, host abundance, and environment. Ecology, 
88(3):575–581. 
Gleixner, G, HJ Danier, RA Werner, and HL Schmidt. 1993. Correlations between the 
13C Content of Primary and Secondary Plant Products in Different Cell 
Compartments and That in Decomposing Basidiomycetes. Plant Physiol. 102: 
1287-1 290 
Goslee, S.C. and Urban, D.L. 2007. The ecodist package for dissimilarity-based analysis 
of ecological data. Journal of Statistical Software 22(7):1-19. 
Gower, J.C. 1967. A comparison of some methods of cluster analysis. Biometrics 23:623-
637.  
Guevara, G, G Bonito, JM Trappe, E Cazares, G Williams, RA Healy, C Schadt, R 
Vilgalys. 2013 New North American truffles (Tuber spp.) and their 
ectomycorrhizal associations. Mycologia, 105(1): 194-209. 
Halling, R. 2001. Ectomycorrhizae: Co-evolution, significance and biogeography. Ann. 
Mo. Bot. Gard., 88: 5-13. 
Halling, R and G Mueller. 2002. Agarics and boletes of Neotropical oakwoods. In 
Tropical Mycology. 1-10. UK: CABI Publishing.  
Halling, R. E. and G. M. Mueller. 2005. Common Mushrooms of the Talamanca 
Mountains, Costa Rica. New York Botanical Garden Press, New York, 197 pp. 
Hansen, K., and DH Pfister. 2006. Systematics of the Pezizomycetes – the operculate 
discomycetes. Mycologia 98:1029–1040. 
Hart, T. B. 1990. Monospecific dominance in tropical rain forests. Trends in Ecology and 
Evolution 5:6–11. 
  
82 
Haug, I, M Weiss, & J Homeier. 2005. Russulaceae and Thelephoraceae form 
ectomycorrhizas with members of the Nyctaginaceae (Caryophyllales) in the 
tropical mountain rain forest of southern Ecuador. New Phytol, 165(3): 923-936. 
Healy, RA, G Bonito, G Guevara. 2009. The truffle genus Pachyphloeus in the US and 
Mexico: phylogenetic analysis and a new species. Mycotaxon, 107:61-71. 
van der Heijden, M. G. A., J. N. Klironomos, M. Ursic, P. Moutoglis, R. Streitwolf-Engel, 
T. Boller, A. Wiemken, and I.R. Sanders. 1998. Mycorrhizal fungal diversity 
determines plant biodiversity, ecosystem variability and productivity. Nature 
396:69-72. 
van der Heijden, MGA & TR Horton. 2009. Socialism in soil? The importance of 
mycorrhizal fungal networks for facilitation in natural ecosystems. J Ecol, 97: 
1139-1150. 
Helm, D. J., E. B. Allen, J. M. Trappe. 1996. Mycorrhizal chronosequence near Exit 
Glacier, Alaska. Canadian Journal of Botany 74:1496-1506.  
Henkel, TW, J Terborgh, RJ Vilgalys. 2002. Ectomycorrhizal fungi and their leguminous 
hosts in the Pakaraima Mountains of Guyana. Mycol Res, 106(5): 515-531. 
Henkel, T. W. 2003. Monodominance in the ectomycorrhizal Dicymbe corymbosa 
(Caesalpiniaceae) from Guyana. Journal of Tropical Ecology 19:417–437. 
Henkel, TW, JR Mayor, LP Woolley. 2005. Mast fruiting and seedling survival of the 
ectomycorrhizal, monodominant Dicymbe corymbosa (Caesalpiniaceae) in 
Guyana. New Phytologist 167:543–556. 
Hobbie, EA. SA Macko, HH Shugart. 1999. Insights into nitrogen and carbon dynamics 
of ectomycorrhizal and saprotrophic fungi from isotopic evidence. Oecologia, 
118: 353-360. 
Hobbie, EA and P Hogberg. 2012. Nitrogen isotopes link mycorrhizal fungi and plants to 
nitrogen dynamics. New Phytol. 196(2):367-382. 
Hogberg, MN and P Hogberg. 2002. Extramatrical ectomycorrhizal mycelium 
contributes one-third of microbial biomass and produces, together with 
associated roots, half the dissolved organic carbon in a forest soil. New 
Phytologist, 154(3):791-795. 
  
83 
Horn, JC. 1975. Markovian properties of forest succession. In Ecology and Evolution of 
Communities, ML Cody & JM Diamond, eds. pp 196-211. Belknap Press, 
Cambridge. 
Horton, T. R., and T. D. Bruns. 2001. The molecular revolution in ectomycorrhizal 
ecology: peeking into the black-box. Molecular Ecology 10:1855-1871. 
Horton, T. R., R. Molina, and K. Hood. 2005. Douglas-fir ectomycorrhizae in 40- and 400-
year-old stands: mycobiont availability to late successional western hemlock. 
Mycorrhiza 15:393-403. 
Huston, M & T Smith. 1987. Plant succession: Life history and competition. Am Natur, 
130: 168-198. 
Hynson, NA, K Preiss, G Gebauer, & TD Bruns. 2009. Isotopic evidence of full and 
partial myco-heterotrophy in the plant tribe Pyroleae (Ericaceae). New Phytol, 
182: 719-726. 
Ishida, T. A., K. Nara, M. Tanaka, A. Kinoshita, and T. Hogetsu. 2008. Germination and 
infectivity of ectomycorrhizal fungal spores in relation to their ecological traits 
during primary succession. New Phytologist 180:491-500.  
Janzen, D. H. 1970. Herbivores and the number of tree species in tropical forests. 
American Naturalist 104:501–528. 
Jones, MD, DM Durall, & JWG Cairney. 2003. Ectomycorrhizal fungal communities in 
young  forest stands regenerating after clearcut logging. New Phytol, 157: 399-422. 
Jumpponen, A., J. M. Trappe, and E. Cazares. 2002. Occurrence of ectomycorrhizal fungi 
on the forefront of retreating Lyman Glacier (Washington, USA) in relation to 
time since deglaciation. Mycorrhiza 12:43-49. 
Kranabetter, JM, DM Durall, WH MacKenzie. 2009. Diversity and species distribution of 
ectomycorrhizal fungi along productivity gradients of a southern boreal forest. 
Mycorrhiza, 19: 99-111. 
Kropp, B. R., and J. M. Trappe. 1982. Ectomycorrhizal fungi of Tsuga heterophylla. 
Mycologia 74:479-488. 
  
84 
Landeweert, R., P. Leeflang, T.W. Kuyper, E. Hoffland, A. Rosling, K. Wernars, and Eric 
Smit. 2003. Molecular identification of ectomycorrhizal mycelium in soil 
horizons. Applied and Environmental Microbiology, 69(1):327-333. 
Lance, G. N., and W. T. Williams. 1966. A general theory of classificatory sorting 
strategies, I. Hierarchical systems. Computer Journal 9:373-380. 
Legendre, P., and L. Legendre. 1998. Numerical ecology (2nd English ed.). Elsevier, 
Amsterdam.  
Lilleskov, EA, and TD Bruns. 2003. Root colonization dynamics of two ectomycorrhizal 
fungi of contrasting life history strategies are mediated by addition of organic 
nutrient patches. New Phytologist, 159: 141-151. 
Lopez, OR and TA Kursar. 2007. Interannual variation in rainfall, drought stress and 
seedling mortality may mediate monodominance in tropical flooded forests. 
Oecologia, Vol. 154(1) pp. 35-43 
McCune, B., and J. B. Grace. 2002. Analysis of ecological communities. MjM Software 
Design, Gleneden Beach, Oregon, USA. 
McCune, B., and M. J. Mefford. 1999. PC-ORD: Multivariate analysis of ecological data 
(version 5). MjM Software Design, Gleneden Beach, Oregon, USA. 
McGuire, K.L. 2007a. Common ectomycorrhizal networks may maintain 
monodominance in a tropical rain forest. Ecology, 88(3), 567–574.  
McGuire, K.L. 2007b. Recruitment dynamics and ectomycorrhizal colonization of 
Dicymbe corymbosa, a monodominant tree in the Guiana Shield. Journal of 
Tropical Ecology,23, pp 297-307 
McGuire K.L., TW Henkel, I Granzow de la Cerda, G Villa, F Edmund, and C Andrew. 
2008. Dual mycorrhizal colonization of forest-dominating tropical trees and the 
mycorrhizal status of non-dominant tree and liana species. Mycorrhiza, 18(4): 
217-222. 
Molina, R., H. Massicotte, and J. M. Trappe. 1992. Specificity phenomena in mycorrhizal 
symbiosis: community ecological consequences and practical application. Pages 
357-423 in M. F. Allen, editor. Mycorrhizal Functioning. Chapman and Hall, New 
York, NY, USA. 
  
85 
Morris, M.H.m M.A. Perez-Perez, M.E. Smith, C.S. Bledsoe. 2008. Multiple species of 
ectomycorrhizal fungi are frequently detected on individual oak root tips in a 
tropical cloud forest. Mycorrhiza, 18:375-383. 
Morris, MH, ME Smith, DM Rizzo, M Rejmanek, CS Bledsoe. 2008. Contrasting 
ectomycorrhizal fungal communities on the roots of co-occurring oaks in a 
California woodland. New Phytol, 178: 167-176. 
Morris, MH, MA Perez-Perez, ME Smith, CS Bledsoe. 2009. Influence of host species on 
ectomycorrhizal communities associated with two co-occurring oaks in a tropical 
cloud forest. FEMS Microbiol Ecol, 69: 274-287. 
Moyersoen, B. 2006. Pakaraimaea dipterocarpacea is ectomycorrhizal, indicating an 
ancient Gondwanaland origin for the ectomycorrhizal habit in Dipterocarpaceae. 
New Phytol, 172(4): 753-762. 
Mueller, G.M., R.E. Halling, J. Carranza, M. Mata, J.P. Schmit. 2006. Saprotrophic and 
ectomycorrhizal macrofungi of Costa Rican oak forests. p 55-68. In: M. Kappelle 
(ed.). Ecology and Conservation of Neotropical Montane Oak Forests. Ecological 
Series, Vol. 185. Springer. Heidelberg. 
Nara, K. 2006. Ectomycorrhizal networks and seedling establishment during early 
primary succession. New Phytologist 169:169-178. 
O'Brien, HE, JL Parrent, JA Jackson, JM Moncalvo, R Vilgalys. 2005. Fungal community 
analysis by large-scale sequencing of environmental samples. Applied and 
Environmental Microbiology, 71(9):5544-5550.  
Odum, E. P. 1971. Fundamentals of Ecology. Saunders College Publishing/Holt, 
Rinehart, and Winston, Inc, Philadelphia, PA, USA. 
Oosting, H. J. 1942. An ecological analysis of the plant communities of Piedmont, North 
Carolina. American Midland Naturalist 28:1-126. 
Orwig, D & M Abrams. 1994. Land-use history (1720-1992), composition, and dynamics 
of oak-pine forests within the Piedmont and Coastal Plain of northern Virginia. 
Can J For Res, 24: 1216-1225. 
Pande, V., U. T. Palni, and S. P. Singh. 2007. Ectomycorrhizal influences on selected tree 
species from Central Himalayan Region of India. Symbiosis 44:115-119. 
  
86 
Parrent, J.L., W.F. Morris, R. Vilgalys. 2006. CO2-enrichment and nutrient availability 
alter ectomycorrhizal fungal communities. Ecology, 87(9):2278-2287. 
Peay, KG, M Garbelotto, TD Bruns. 2009. Spore heat resistance plays an important role 
in disturbance-mediated assemblage shift of ectomycorrhizal fungi colonizing 
Pinus muricata seedlings. J Ecol, 97(3):537-547. 
Peh K.S.H., S. L. Lewis, and J. Lloyd. 2011. Mechanisms of monodominance in diverse 
tropical tree-dominated systems. Journal of Ecology 99, 891–898. 
Pfister, D.H., Slater, C., Hansen, K., 2008. Chorioactidaceae: a new family in the 
Pezizales (Ascomycota) with four genera. Mycol. Res. 112, 513–527. 
Pickett, STA. 1976. Succession: An evolutionary interpretation. Am Natur, 110: 107-119. 
Piotrowski, J. S., Y. Lekberg, M. J. Harner, P. W. Ramsey, and M. C. Rillig. 2008. 
Dynamics of mycorrhizae during development of riparian forests along an 
unregulated river. Ecography 31:245-253. 
R Development Core Team. 2009. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-
900051-07-0, URL http://www.R-project.org 
Reeder J, Knight R. 2010. Rapidly denoising pyrosequencing amplicon reads by 
exploiting rank-abundance distributions. Nature Methods 7:668-669. 
Reynolds, H. L., A. Packer, J. D. Bever, and K. Clay. 2003. Grassroots ecology: plant-
microbe-soil interactions as drivers of plant community structure and dynamics. 
Ecology 84:2281-2291. 
Richards, PW. 1996. The tropical rainforest: An ecological study. 2nd edition. Cambridge 
University Press, Cambridge, UK. 
Schoch C. L. et al. 2012. Nuclear ribosomal internal transcribed spacer (ITS) region as a 
universal DNA barcode marker for Fungi. Proceedings of the National Academy 
of Sciences 109:6241-6246. 
Setaro, S, I Kottke, & F Oberwinkler. 2006. Anatomy and ultrastructure of mycorrhizal 
associations of neotropical Ericaceae. Mycol Prog, 5(4): 243-254. 
  
87 
Simard S. W., D. M. Durall. 2004. Mycorrhizal networks: a review of their extent, 
function, and importance. Canadian Journal of Botan 82:1140-1165. 
Smith, A. H., and H. D. Thiers. 1964. A contribution toward a monograph of North 
American species of Suillus. Published by the authors, Ann Arbor, MI, USA. 
Smith, S.E. and D.J. Read. 2008. Mycorrhizal Symbiosis, 3rd edition. Academic Press, San 
Diego. 
Smith, ME, GW Douhan, DM Rizzo. 2007. Ectomycorrhizal community structure in a 
xeric Quercus woodland based on rDNA sequence analysis of sporocarps and 
pooled roots. New Phytol, 174: 847-863. 
Smith M.E., G.W. Douhan, A.K. Fremier, and D.M. Rizzo. 2009. Are true multihost fungi 
the exception or the rule? Dominant ectomycorrhizal fungi on Pinus sabiniana 
differ from those on co-occurring Quercus species. New Phytol, 182: 295-299. 
Suryanarayanan, T.S., G. Venkatesan, an T.S. Murali. 2003. Endophytic fungal 
communities in leaves of tropical forest trees: diversity an distribution patterns. 
Current Science, 85(4):489-493. 
Taylor DL, Bruns TD. 1999. Community structure of ectomycorrhizal fungi in a Pinus 
muricata forest: minimal overlap between the mature forest and resistant 
propagule communities. Molecular Ecology 8:1837-1850. 
Tedersoo, L., K Hansen, BA Perry, R Kjøller. 2006. Molecular and morphological 
diversity of pezizalean ectomycorrhiza. New Phytologist 170:581–596. 
Tedersoo, L., Pellet, P., Koljalg, U. & Selosse, M. A. 2007. Parallel evolutionary paths to 
mycoheterotrophy in under- storey Ericaceae and Orchidaceae: ecological 
evidence for mixotrophy in Pyroleae. Oecologia 151, 206-217. 
Tedersoo, L., T. Jairus, B.M. Horton, K. Abarenkov, T. Suvi, I. Saar, and U. Koljalg. 
2008a. Strong host preference of ectomycorrhizal fungi in a Tasmanian wet 
sclerophyll forest as revealed by DNA barcoding and taxon-specific primers. 
New Phytologist 180(2): 479-490. 
Tedersoo, L., T. Suvi, T. Jairus, and U. Koljalg. 2008b. Forest microsite effects on 
community composition of ectomycorrhizal fungi on seedlings of Picea abies and 
Betula pendula. Environmental Microbiology 10:1189-1201. 
  
88 
Tedersoo, L, A Sadam, M Zambrano, R Valencia, M Bahram. 2010. Low diversity and 
high host preference of ectomycorrhizal fungi in Western Amazonia, a 
neotropical biodiversity hotspot. The ISME Journal, 4(4):465-471. 
Tedersoo L, May TW, Smith ME. 2010. Ectomycorrhizal lifestyle in fungi: global 
diversity, distribution, and evolution of phylogenetic lineages. Mycorrhiza. 20: 
217-263. 
Tedersoo L, Smith ME. 2013. Lineages of ectomycorrhizal fungi revisited: Foraging 
strategies and novel lineages revealed by sequences from belowground. Fungal 
Biology Reviews, 27:83-99. 
Tilman, D. 1985. The resource-ratio hypothesis of plant succession. Am Natur, 125: 827-
852. 
Torti, S. D., P. D. Coley, and T. A. Kursar. 2001. Causes and consequences of 
monodominance in tropical lowland forests. American Naturalist 157:141–153. 
Trudell, SA, PT Rygiewicz, and RL Edmonds. 2003. Nitrogen and carbon stable isotope 
abundances support the myco-heterotrophic nature and host-specificity of 
certain achlorophyllous plants. New Phytologist, 160(2): 391-401. 
White, T. J., T. D. Bruns, S. Lee, and J. Taylor. 1990. Amplification and direct sequencing 
of fungal ribosomal RNA genes for phylogenetics. In M. A. Innis, D. H. Gelfand, 
J. J. Sninsky, and T. J. White, editors. PCR Protocols: A guide to methods and 
applications. Academic Press, San Diego, CA, USA. 
Woolley, LP, TW Henkel, SC Sillett. 2008. Reiteration in the monodominant tropical tree 
Dicymbe corymbosa (Caesalpiniaceae) and its potential adaptive significance. 
Biotropica, 40(1):32-43.  
Zolan, M.E., and P.J. Pukkila. 1986. Inheritance of DNA methylation in Coprinus cinereus. 
Molecular and Cellular Biology 6:195–200. 
 
 
  
89 
Biography 
Gwendolyn C. Williams was born on June 10th, 1984 in New Haven, CT. She 
attended University of Chicago, where she received a Metcalf Fellowship to intern in the 
mycological herbarium at the Field Museum. She then completed an honors thesis on 
arbuscular mycorrhizal fungi under the mentorship of Dr. Gregory Mueller. She 
graduated in 2006 with general honors, a BS in Geophysical Sciences, and a BA with 
honors in the Ecology and Evolution Specialization of Biological Sciences. At Duke 
University, she received a James B. Duke Fellowship for outstanding new scholars. The 
Forest History Society awarded her the FK Weyerhaeuser Fellowship in support of her 
Duke Forest research projects. 
